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Abstract

Chirality is subtle geometric property where objects lack reflection plane symmetry.
In this thesis I study three chiral molecules using a combination of experimental and
theoretical methods to elucidate the relationships between conformation freedom,
solvent choice, and temperature. The importance of nuclear motion when predicting
the optical rotation is explored. For carvone, corrections with each nuclear mode
coordinate is important. Predictions of the ORD have the incorrect sign without the
inclusion of vibrational corrections. For the case of two newly synthesized amino acid
derivatives the vibrational corrections did not correct the sign of the calculated ORD
to bring it into agreement with experiment. This case is still an unanswered question.
Additionally, I measured the negative ion properties of the dehydrogenated amino acid
derivatives and a cluster of the dehydrogenated ion and neutral with collision induced

dissociation and used these results to estimate the bond dissociation energies.
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Chapter 1

An Introduction to Chirality

1.1 Overview of Content

This thesis represents a comprehensive study of the molecule carvone and the two
newly synthesized molecules, N-paranitrophenylsulfonylalanine and N-paranitrophenyl-
alanine. Chapter 1 is devoted to the historical development and theoretical overview
of the concept of optical activity. Chapter 2 is a computational and experimental
study of optical rotatory dispersion of carvone in a variety of solvents. Chapter 3 is
devoted to the temperature dependence of the circular dichroism and estimations of
the difference in Gibb’s Free energy( AG), enthaply(AH), and entropy(AS) between
enantiomers. Chapters 2 and 3 are closely related and reference each other frequently.
Chapters 4 and 5 are devoted to the study of N-paranitrophenylsulfonylalanine and
N-paranitrophenylalanine. Chapter 4 is a study of the valence and deprotonated ions
of N-paranitrophenylsulfonylalanine, N-paranitrophenylalanine and a cluster of the
N-paranitrophenylsulfonylalanine parent with the dehydrogenated ion. Chapter 5 is
an experimental and computational study of of optical rotation and circular dichroism
of N-paranitrophenylsulfonylalanine and N-paranitrophenylalanine. This thesis uses
several different approaches in quantum chemistry including density functional theory,

Mossler Plesset perturbation theory, and coupled cluster theory to name a few. The



basis for the methods included herein can be found in textbooks and therefore will
not be discussed in great depth. A good source explaining the methods of quantum

chemistry can be found in the textbook by Ira N. Levine.!

1.2 An Introduction to the Concept of Chirality

It always amazes me that nature, even from the subtlest difference creates such
richness and depth of phenomena. Chirality is a subtle property but it is extremely
important to many branches of science. An object is said to be chiral if no set of
translations and rotations can map it onto its mirror image. This can exist in two
or three dimensions. For example, the letter "P" is chiral if it is confined to two
dimensions. In chemistry, chiral molecules are molecules that lack a reflection plane
symmetry which is to say that they belong to the point groups C,, D,, T, O or L
This reason for this will be discussed later in this chapter.?

In biology, the vast majority of amino acids in biological systems are of one
handedness, referred to as "L " amino acids. The implication of this being that biological
systems have a specific chirality. The "D " amino acids in your mirror image could not be
used by you for biological processes. There are many other ways in which chirality manifests
itself in the biological world. For example, the light reflected of the green irradescent June
Bug(Cotinis nitida) is left circularly polarized light*. In physics, chirality also manifests
itself in many ways. According to Hubble’s law, galaxies are moving away from us at an
expanded rate the further they are away. If the projection of a galaxies angular momentum
on the earth galaxy vector is non-zero, then the galaxy is chiral because of rotational motion.
Photons have a spin angular momentum either parallel or antiparallel to their direction of
propagation which makes them chiral. At the intersection between physics and biology it has
been proposed that the so called Parity Violating Energy Difference (P.V.E.D.) is responsible
for the asymmetry in the number of L versus D amino acids.® This energy difference results
from the interaction of the weak force of the nucleus with the electrons and results in a

very slight energy difference between two different enantiomers. The true enantiomer is the

*left circularly polarized light corresponds to light with right handed helicity



mirror image molecule but made of the corresponding antiparticles since charge and parity

are conserved. An enhancement of either L or D amino acids is required for life to begin.

1.3 Historical Overview of Optical Activity

The study of optical activity began with its first observation by Arago in 1811. He observed
that when quartz was placed between sunlight reflected from glass and spar that the ordinary
and extraordinary rays would change color as the spar was rotated. The spar acted as a
polarizer. Biot followed the work of Arago and published 5 works in the span of 26 years
(1812-1838)." He discovered that quartz rotated the polarization vector of light and that
the amount of rotation depended upon the thickness of the crystal and the wavelength.
He noted that the angle of rotation was larger for shorter wavelengths of light. This led
to the development of the the first inverse square law for optical rotatory dispersion. He
also discovered that the other handedness of quartz rotated the polarization in opposite
direction. He later discovered optical rotation in several organic compounds. In an attempt
to measure the optical activity of a gas, Biot filled a 30 meter long iron tube with turpentine.
Unfortunately the boiler exploded and set fire to the church(See page 101 of Lowry* for a
diagram of the instrument). Biot was able to determine that the sample did have an optical
rotation but was unable to quantify the rotation.

The connection between the molecular chirality and optical activity was first inferred by
Pastuer in a famous experiment using sodium ammonium tartrate. He observed that there
were three forms of the crystals, two of which were chiral. The rotation of the left handed
crystal rotated light to the left when dissolved and vice versa for the right handed crystals.
This crystallization of these salt solutions into chiral crystals was the first time a racemic
mixture has been resolved into its chiral elements.? More importantly, the observation of

optical rotation in the solution showed that molecules themselves could be chiral.

fleft and right handed is a colloquial term referring to the enantiomer



1.3.1 The Connections Between Chirality, Biology, and Opti-
cal Activity

The relationship between chirality and biology was also first established by Pastuer. He
fermented racemic ammonium tartrate and monitored its optical rotation over time. The
yeast consumed the dextrorotarory tartate while leaving the levorotatory untouched.* All
amino acids save glycine are chiral. For the most part these amino acids are L amino
acids in biological systems with rare exceptions.” Humans can distingiush between select
chiral molecules by scent.® Some recent research has correlated the rigidity of the molecule
and whether the scent between enantiomers was distingiushable.” They found that nonrigid
molecules were more easily dinstingiushable.

Because of the inherent chirality of biological systems, any compound created to affect
a biological system must take chirality into account. For example, a large number of drugs
are chiral. In many cases one enantiomer is inactive or has an effect that is weaker or even
detrimental to the user. One of the more nefarious examples of enantomeric interactions
of chiral drugs with humans is Thalidomide. Thalidomide was used as a treatment for
morning sickness in pregnant women.® It was long believed that one enantiomer of the drug
caused horrible birth defects while the other was an effective treatment option. However,
it was later found that thalidomide chemically racemizes in the blood so isolation of the
proper enantiomer did not prevent birth defects. Pesticides represent another area where
stereoselectivity has an effect. The specific chirality of the pesticide has some effects on the
toxicity and biological decay rate.’

Life is made up of L. amino acids and D sugars but the science behind this so called
homochirality is yet to be discovered. There have been several hypotheses proposed for
the specific homochirality.' A hypothesis by Yamagata for this discrepancy is the parity
violating energy difference between enantiomers.® This small energy difference results from
the interaction of the weak force with the enantiomers of the molecule. It occurs when
electrons interact with the nucleus in the chiral center of the molecule. There have been
several attempts at measuring this energy difference. This remains an active area of research.
Lahamer et. al. quoted a measured value of ~ 107%V for an chiral iron complex but

they could not rule out the effects of crystalline strain.'' Since the parity voilating energy



difference scales with the atomic number of the nucleus as Z%? it is therefore advantageous
to explore compounds that have a large Z nuclei at the chiral center. An ideal case would
be a high Z nucleus that can be probed with multiple techniques like NMR and Mossbauer
spectroscopy. Other attempts are centered around looking for enantiomeric enrichment of
a racemic mixture because of the slight energy difference between enantiomers.'? Another
approach is the measurement of the parity violating energy difference by means of infrared
absorption spectroscopy.'® Other hypotheses look to outer space where amino acids can be
enriched by selective degradation by ultraviolet circularly polarized light. The Murchison
meteorite was found to have an enantomeric excess of the L enantiomer amino acid leading
to the hypothesis that homochirality comes from an enantiomeric enrichment of organics in

the solar system.

1.4 Electromagnetic theory of optical activity

Optical activity, at least as it pertains to chiral molecules, results from the difference in
absorption and dispersion of circularly polarized light. This includes multiphoton processes
such as Raman optical activity(ROA) and multiphoton ionization. The electromagnetic
implications of optical activity are seen below. Consider an electromagnetic wave
propagating in a material where the complex index of refraction is different for left and right
circularly polarized light. Light that was initially linearly polarized that passes through a

chiral sample can be expressed with the Equation 1.1

E 1 1 i(h(ny+i B 1 1 . . B
e 1+ick))z—wt) +— ez(k(nr +icky)z—wt) 1.1
Ey V2| V2 | 1)

where | and r subscripts refer to left and right circular polarization and c¢ is the

concentration.t The column vectors are unit vectors for left and right circularly polarized

{When measuring the ellipticity, you are making observations at a fixed position in space and
the light is coming toward you



light and will from this point on be referred to as &, and € from this point.
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After passing through a chiral sample of thickness d, the electric field has been modified
in two ways. First, a differential absorption occurs between the left and right components of
the light and second, a phase shift is introduced between left and right circularly polarized
light.

v gilklnivies)d)g | cilk(n, tie,)dg (1.4)
Ey
From equation 1.4 the magnitude of the two effects is easily extracted. The phase shift
introduced between the left and right circularly polarized light is given as a = M§
Hence, the rotation per unit length is given by ¢ = T(n; — n;). The effects are easily seen
upon inspection of the polarization ellipse.

The semi-major axis magnitude is given by the sum |e~#rked 4 e=#iked| when the electric

field of the left and right circularly polarized light parallel. Conversely, the magnitude of

the semi-minor axis of the polarization ellipse is given by |e~ked — ¢=rrked|  The angle

in Figure 1.1 and Equation 1.5 is one measure of the ECD.

enrkcd _ —Kiked

e
e—fkacd + e—mkcd

tan(8) =

(1.5)

where x is the aforementioned exctinction coefficient for left and right circularly polarized
light. Therefore, linearly polarized light propagating through a chiral sample will become
elliptically polarized. The semi-major axis of the polarization ellipse will make an angle
a between the initial direction of polarization and the semi-major axis of the ellipse after

passing through the sample. We can rewrite Equation 1.5 to make it more succint, resulting

Swhen you add a positive phase to left circularly polarized light the electric field rotates by —¢.
For right circularly polarized light the electric field rotates by —¢ for a negative phase shift.
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Figure 1.1: The polarization ellipse after light linearly polarized in the x direction
passes through a chiral sample. The resulting light is elliptically polarized.



in Equation 1.6

(1.6)

tan(8) = tanh <(”~—"@l)md>

A

Typically, since absorption is usually measured with a base 10 law i.e. I = Ip10™4 it is useful
to express the difference in absorption as the difference between concentration and path-
length normalized absorption coefficients. Equation 1.7 converts from degrees of ellipticity
to the concentration and path-length normalized difference in absorption between right and

left circularly polarized light.

B 4 BT
Ae = n(10)dl arctanh <tan <180>> (1.7)

where 6 is the angle in degrees and c and [ are the concentration and pathlength, respectively.
Usually concentration is given as the solution molarity and the path-length is measured in

centimeters.

1.4.1 Kramers-Kronig Relations

In 1926 Kronig and Kramers showed that there is a relationship between the real and
imaginary parts of the index of refraction. Naturally, because the Kramers relations apply
to the index of refraction they also apply to circular dichroism and optical rotation. This
relationship was first realized by Moscowitz.'* Following that work, the relationships have
been applied to calculate ORD and ECD from each other in theoretical and experiment
works. The Kronig-kramers relations interconvert between circular dichroism and optical
rotatory dispersion but this requires that one spectrum is known at all wavelengths to
calculate the other. Practically, this is not feasible and many workers have used the Kronig-
Kramer’s relations to approximate the ORD from ECD. Without solving exactly, these
relations can still help you gauge how the circular dichroism will effect the optical rotation in
a qualitative manner. The relationships between the circular dichroism and optical rotation

are given as follows:

M@:iﬁméﬂgﬂﬁ (1.8)
wm:—?(fd%zﬂg (1.9)



where ¢ is the optical rotation and € is the circular dichroism. There have been several
approaches to interconverting circular dichroism and optical rotation using numerical
integration techniques to get around the pole in the integrand.'”'® I have developed a
complementary technique to the ones listed in the cited references. Looking at equations

1.8 and 1.8 it convenient to write them in a form that isolates the pole.

b(w) =2 </0w Q) o /:o SO o /M 26(2) dQ> (1.10)
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The first two terms in 1.10 and 1.11 are easily calculated using numerical quadrature. To
deal with the integral containing the pole numerically we begin by further breaking down

that portion.

/w+6 Q) o </w © Q0(Q) S0E) 10y /‘M Wdﬁ) (1.12)
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These terms can be simplified further by making the subsitution Q = %2 into one of the

integrals in equations 1.12 and 1.13. Making this substitution allows us to modify the
integrand in such a way that it has a limit at w. Dropping the limit notation for succintness,

an approximate integral for the region surrounding the pole is given in the equation below.

w? 2n(w
w—e W 9(7) w44 QH(Q) w4 220(2) w29(9)
Yy’ savad) ~ B 2
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This approximation is formed by expanding the limits and taking the first order term of the
binomial expansion assuming that w is much greater than § and €. Because the limit of the

integrand is no longer co when at w this permits numeric evaluation of the region using a



trapezoidal rule as the following.

| (@00 +0) -0 () 4wy a0

30 (w + 0)(82 + 2wd) e T (1.16)
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This is one of many approaches used for numeric evaluation of the Kronig-Kramers relations.
This was primarily used to ascertain expected qualitative features in the ORD from

theoretical and experimental ECD.

1.4.2 Quantum Mechanicals of Optical rotation and Circular
Dichroism

"The plight of optical activity is even worse, where not one, but two transition moments
must be found." Eyring-Caldwell”

The Hamiltonian for an electron in a radiation field is given by Equation 1.18.

H= (- th—fA) + e, (1.18)

2m

The A? term is ignored because it is assumed that the intensity of the radiation is
weak. In the analysis of the interaction of electromagnetic radiation with a molecule the
total hamiltonian is given by H = imiZA -V 4+ Hy where Hy is the standard molecular
hamiltonian(See the book by Caldwell and Eyring). The basis of the quantum theory of
optical activity in isotropic media was introduced by Rosenfeld who derived the tensor (3

given in Equation 1.19 from time dependent perturbation theory.

n\ulm (n|m|m))
o= g5y 3 Al 0 119

10



In the above equation, n and m are quantum states and vy, is the frequency difference

between states n and m. The vectors ¢ and m are the electric and magnetic dipole operators.

u:Zeri (1.20)

L Yrxv (1.21)

mc

The ECD and the ORD are fundamentally related to the dot product between the electric

dipole and magnetic dipole operator. The rotational strength, the fundamental quantity for

optical activity, is given in Equation 1.22.
R'7% = 3((1|pf2) - (2|m]1)) (1.22)

This requirement that the transition electric and magnetic dipole moment have a non-
zero dot product explains why only certain point groups are acceptable. The relationship
betweent the circular dichroism and the rotational strength assuming a gaussian lineshape
is given by 5.2 The relationship between the rotational strength and the optical rotatory

dispersion is given by

g T2 10% 5 N 4 202672 <

c3m2M

1
3Tr(5)> (1.23)

Lg=1 These are the typical units used in

Where the units are 6 are degrees ml decimeters™
the literature for reporting optical rotatory dispersion measurements. E.U. Condon showed
that the difference in the Einstein B coefficients for a chiral molecule is given by Equation

1.24.17

2
Bl - BT’ = WRI*)Z (124)

1.4.3 The Quest for Absolute Configuration from Circular
Dichroism and Optical Rotatory Dispersion

One of the most important applications of chiral sensitive spectroscopy is the determination
of absolute configuration. The absolute configuration of a chiral molecule is whether the

molecule is R and S. In general the R and S designation of molecules does not correlate with

11



the results of any spectroscopic method. Therefore, it is important to be able to make an
accurate estimate of the optical activity of a chiral molecule. In the period before modern
computers, determinations of absolute configuration relied on sector rules. For example, the
octant rule for saturated ketones has been used in some cases to determine the sign of the
n — 7 transition of the electronic circular dichroism '®. The sign is determined by dividing
space into 8 different cartesian regions and the position of the chiral perturber relative the
the carbonyl determines the sign.'” Similar rules have been developed for different classes of
ketones like c, 3 unsaturated ketones which are relevant to carvone.?’ These rules allowed
one to establish the absolute configuration of a chiral ketone. The challenge with octant rules
is that they are highly specific and become hard to apply with increasing complexity.? The
use of these octant rules has been outmoded with the introduction of the quantum chemistry
software with the capability to calculate the optical rotatory dispersion. Numerous studies
exist that use high level quantum chemistry calculations of optical rotation, vibrational and

electronic circular dichroism to establish absolute configuration.?!

1.4.4 Optical Rotatory Dispersion and Vibrational Correc-
tions

One of the most important assumptions for quantum chemistry is the Born-Oppenhiemer
approximation. Because the electrons move much faster than the nuclei, calculations usually
consider the positions of the nuclei to be fixed and calculate the electronic wavefunction
with the nuclei positions as a parameter. The total energy is minimized as a function of the
nuclear coordinates. This minimization gives a local minimum, refered to a stationary state.
In the ground state of a molecule the nuclear positions are not fixed. It is most often the
case that the nuclear motions about the equilibrium geometry are modeled with a coupled
harmonic oscillator model. The results of this treatment yield a complete set of coordinates
known as the normal mode coordinates. When comparing ORD to experiment, the sign of
the ORD is considered a litmus test for the accuracy of the calculation. In some cases it
has been shown that it is nessecary to correct the ORD for nuclear coordinate motion. A
more detailed discussion of the literature related to this topic is given in Chapter 2. The

goal here is to discuss the methodology used to calculate the vibrational corrections to the
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ORD. First, since the electronic wavefunction is a function of the normal mode coordinates,
it follows that the optical rotatory dispersion will follow suit. I begin by expanding the
optical rotatory dispersion « in terms of the ground state normal mode coordinates about
the equibrilium geometry.

0’

(@) + —

Oa
a =« + o
(q0) + Y o ., 9aa;

(2

(¢i)(g5)--- (1.25)

q0

In quantum mechanics the expected result of an operator is given by its expectation value.
In this derivation, the harmonic approximation is being used. This implies that the normal

mode coordinates are orthogonal. Taking the expectation value of a gives Equation 1.26

20[
(@) =alm)+ Y 55| (@laIQ:) (1.26)

]

where @ is the vibrational wavefunction. All terms that are linear in g; go to zero because
of parity. At room temperature the excited vibrational states have a non-zero population
determined by a boltzmann distribution. To account for this the expectation value of g7
as a function of temperature needs to be taken into account. The expectation value of the
%2 is easily calculated from the raising and lowering operators. The thermally weighted
expectation value of ¢? for each vibrational quantum state is given by Equation 1.28.

o h 3, (2n + 1)e P
(a) = a(qo) + zz: 0 2m; | S, e Pl

(1.27)

Equation 1.28 can be simplified to its final version by putting in the values obtained from

the sums.

20( 5
<a>:a(qo)+za' " coth (%") (1.28)

This does not take into account the anharmonic effects associated with the shortcomings of
the harmonic model. To evaluate the vibrational corrections I wrote a python script that
takes a Gaussian output file with the normal mode coordinates and writes the nessecary
output files required to run it on University of Tennessee’s Newton cluster that is freely

available upon request.
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1.4.5 Literature Notation and Definitions Related to Optical
Activity

There are several methods that are used to denote enantiomers of molecules. The simplest
method uses | and d, which stand for levorotatory and dextrorotatory , uses the direction
of rotation to distinguish the enantiomers. This has no bearing on the structure of the
molecule. Levorotatory molecules rotate light counterclockwise when seen by an observer
looking in the direction of the light and vice versa for Dextrorotatory. The "L " and "D "
system uses the sodium D line rotation of the chiral amino acid precursor glyceraldehyde as a
reference. The “L 7 amino acids are derived from the (S)-(+)-glyceraldehyde and vice versa.
The R and S convention uses the rules to establish absolute configuration of the molecule
and can be found in any organic text book. The "+" means that the sample rotates the
polarization ccw when looking toward the light source and vice-versa for the "-" symbol. In

this thesis the IUPAC preference using R and S will be used.
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Chapter 2

Solvent and Vibrational Effects on
the Optical Rotatory Dispersion of

Carvone

Solute-solvent interactions are of central importance to chemistry. Numerous studies have
focused on the effects of solvents on chemical reactions rates, NMR, UV-Vis, Raman, IR
spectroscopy, CD, and ORD. A common approach taken to quantify the effects of solvation is
to correlate the properties of solvents (dipole moment, polarizibility, hydrogen bond donation
and acceptance, pH, dielectric constant, etc.) with trends in experimental observations.??
This study focuses on the effects of solvent on the ORD and CD of the carvone molecule
and the computational modeling of the ORD and CD of carvone in both the gas phase and
in solution. The carvone molecule shown in Figure 2.1 is a chiral terpene which exists in
two enantiomeric forms, (S)-(+)-carvone and (R)-(-)-carvone. Both enantiomers are natural
products: (S)-(+)-carvone is a major component in the oil from caraway seeds and (R)-(-)-
carvone is present in spearmint oil. As such, both enantiomers are heavily utilized in the food
industry. Ballard et al.?® and Suga et al.?* studied the conformational flexibility of carvone
using temperature dependent circular dichroism. Ballard et al.?® reported an enthalpy

difference of 2.0 kcal/mol between the axial and the lower energy equatorial structures of

carvone (see Figure 2.1). The conformational properties of carvone have also been studied
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Figure 2.1: The six stable conformers of carvone.

using laser jet spectroscopy?” and gas electron diffraction.”® Eqawa et al.?° determined that
the “equatorial 1” conformer was 62 & 18% abundant at 401K while the combination of the
2nd and 3rd equatorial conformers were the second most abundant structures. Mineyama
et al.?® measured the 1+1 REMPI spectrum of carvone but did not attempt to quantify the
abundance of the conformers. It was concluded that the gas phase carvone was primarily
composed of the three equatorial conformers distinguished by rotation about the C7—C8

bond shown in Figure 2.1. Jansik et al.”’

studied the conformational flexibility and the
magnetochiral birefringence computationally. The populations calculated in their study
are similar to the results presented in Table 2.5 of this article. The slight differences
between this article and their results can likely be ascribed to differences in basis set. The
nomenclature for the conformers of carvone used in this article is the same as that used
by Eqawa et. al’® and Mineyama et. al.?® A large variety of solvent parameters?%2%3"
have been used to quantify the effects of solvation. These include both intrinsic parameters
such as solvent dipole moment and empirical parameters like solvochromatic shifts in the

UV/Vis absorption of a chosen reference molecule. The EX values are a normalized

unitless empirical parameter calculated using Equation 2.1 from the solvochromatic shift
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Table 2.1: Solvent parameters used in this study.

solvent EN € n(D)* p(Debye) « B T

1-octanol 0.54 10.30 1.43 2.00 0.77 0.81 0.40
2-butanol 0.51 16.56  1.40 1.65 0.69 0.80 0.40
2-butanone 0.33 18.11 1.38 2.78 0.06 0.48 0.67
acetone 0.35 20.56 1.36 2.88 0.08 0.48 0.62
acetonitrile 0.46 35.94 1.34 3.44 0.19 0.40 0.66
benzene 0.11 2.27%" 1.50% 0.00 0.00 0.10 0.55
benzonitrile 0.33 25.20 1.53 4.28 0.00 0.37 0.88
butanal na na 1.38 3.22 0.00 0.40 0.65
cyclohexane  0.01  2.02 1.43 0.00 0.00 0.00 0.00
cyclopentanone 0.27 14.45° 1.44 3.28 0.00 0.52 0.76
DMSO 0.44 46.45 1.48 4.10 0.00 0.76 1.00
ethanol 0.65 24.55 1.36 1.65 0.86 0.75 0.54
methanol 0.76 32.66 1.33 2.88 0.98 0.66 0.60
nitrobenzene  0.32 34.78 1.56 4.22 0.00 0.39 1.01
nitroethane 0.40 28.96 1.39 3.65 0.00 0.25 0.80
propionitrile ~ 0.40 28.26  1.37 4.00 0.00 0.37 0.64
toluene 0.10 2.38%"  1.49 0.30 0.00 0.11 0.49
valeronitrile 0.36 20.03 1.40 4.12 0.00 na 0.63

a. Index of refraction at 589 nm.
b. measured at 20°C

of the strongest UV /Vis absorption band of a pyridinium (N)-phenolate betaine dye.?? The

reference solvents chosen for the E%V values are water and tetramethylsilane(TMS).

EN - Vsolvent — VT MS (2 1)
Vwater — VTMS

In Equation 2.1 vggpent is the frequency of the strongest electronic absorption band for the
pyridinium dye in the chosen solvent. The Kamlet-Taft parameters characterize a solvent

with three parameters «, 5, and 7* (Ref. Reichardt ).

[a]f =aa+ b+ ™ + [a]fydo’)\ (2.2)

The term « represents the solvent’s propensity toward hydrogen bond donation. The term

B represents the tendency of a solvent to accept a hydrogen bond and 7* is a term that
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accounts for the effects of solvent dipole moment and polarizability. The term [a]z;/clm ) 18
the value of the specific rotation at temperature 7" and wavelength X in cyclohexane, which
is taken to be the least perturbative of the solvents. In Equation 2.2 the term a quantifies
the hydrogen bond acceptance of the solute. For example, if the solute readily accepts a
hydrogen bond then this parameter will be larger in magnitude. The parameter b quantifies
the importance of hydrogen bond donation of the solute and the parameter ¢ quantifies the
importance of the dipolarity /polarizability term for the solute being studied. The terms a, b,
and c are determined through a multivarible linear regression. Once a, b, and c are known for
the measured property of the solute, then the value of the solute property being studied can
be estimated for all other solvents provided that their Kamlet-Taft parameters are known.
The Kamlet-Taft parameters have been applied with mixed success to NMR*2, UV /Vis?®3,
IR**, and ORD?’. The carvone molecule has a hydrogen bond acceptor site, as well, and
possesses a dipole moment due to the oxygen double bond attached to the cyclohexane ring.
The calculated dipole moment (B3LYP /aug-cc-pVDZ) in the gas phase for each of the three
equatorial conformers are 3.6, 3.2, and 3.8 D for the equatorial conformer 1-3, respectively
(see Figure 2.1). The Kamlet-Taft parameters are evaluated to determine their applicability
to the conformationally flexible carvone molecule.

Quantum chemical calculations have developed rapidly over the past decade but
calculations of ORD remain a challenge for electronic structure theory?'#°3  While
excellent results have been obtained in most cases when comparing between advanced
38;40

coupled cluster methods and gas-phase experimental data, agreement with liquid-

phase results is much worse.***! Indeed, in some cases, it has been demonstrated that

38;42 and

agreement with experiment occurs because of a fortuitous cancellation of errors,
calculations of ORD have been known to produce results that differ in sign with that of the
experimental data even at high levels of theory. Furthermore, even zero-point vibrational
corrections have been found to be important in many cases. *’****" For example, calculations
carried out using coupled cluster theory with triples excitations produce the incorrect sign

43

when compared to gas-phase values*®*? for (S)-propylene oxide (methyloxirane)*?, unless

vibrational corrections are included as well.*> The incorporation of such effects, not to
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EN—_K* . .
°0-53 and solvation, is a

mention the additional complexities of conformational flexibility
challenging task.
Implicit solvation models are typically based upon the work of Kirkwood*, Born®’, and

6 and vary primarily in the manner in which the electrostatic and non-electrostatic

Onsager
forces are treated and the manner in which the solvent cavity is formed. The electrostatic
interactions are the result of the charge distribution of the solute and how it interacts
with the polarizable continuum. For example, the molecular dipole can be utilized to
polarize the solvent reaction field. Likewise a multipole expansion of the solute charge
distribution centered on an atom or bond can be used similarly. The cavity that forms
the solvent exclusion region can be formed by employing simple atomic centered spheres,
overlapping van der Waals surfaces, or more complex elliptical shapes. The non-electrostatic
forces describe other effects such as the cavitation energy , dispersion forces, and repulsion
forces. The polarizable continuum model (PCM) places the solute charge distribution inside
an infinite polarizable medium with the dielectric constant € equal to that of the chosen
solvent. The solvent reaction field responds to the solute charge distribution and then
the solute charge distribution is modified by the solvent reaction field. This model has
been successfully applied to a wide variety of problems.®” However, PCM-based approaches
have been useful for ORD computations only in select cases. For example, Mennucci and
coworkers combined DFT calculations of specific rotations with their implicit PCM, and
reported sodium D-line rotations in reasonable agreement with corresponding measurements
in cyclohexane, acetone, methanol, and acetonitrile, but significant errors appeared for
others, such as CCly, benzene, and CHCl3.°® Given the inherent limitations in their model,
they attributed the discrepancies to non-electrostatic effects, and role of the functional
(B3LYP) in the errors they observed remains unknown. Pecul et al.”” reported analogous
DFT-based PCM studies of electronic circular dichroism in 2005 for methyloxirane, camphor,
norbornenone, and fenchone. They found that the reliability of their predictions depended
not only on the shortcomings of available exchange-correlation functionals, but also on the
type of transition in question, with Rydberg- type excitations and the n — 7* transitions of
norcamphor and norbornenone were especially problematic, perhaps due to specific solute-

solvent interactions.
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2.1 Computational methods

The six stable conformers of carvone shown in Figure 2.1 were optimized using DFT /B3LYP V%2
with the 6-311G(d,p) basis set and the higher accuracy G3 method® as implemented

in Gaussian03.%* The G3 and G3MP2 method perform an intial Hartree-Fock/6-31G(d)

optimization and frequency calculation to determine the zero point vibrational energy

correction. This is followed by a MP2(full)/6-31(d) geometry optimization for both the

G3 and the G3MP2 method. Specific rotations for each conformer were computed using

linear-response theory in conjunction with the coupled cluster singles and doubles (CCSD)

approach,*!3#%55°67 3 second-order approximation to CCSD referred to as CC2,% and a time-
dependent DFT (TD-DFT) formulation® with the B3LYP functional.”” To ensure origin
independence of the computed rotations, gauge-including atomic orbitals (GIAOs) "’ were
employed with the BSLYP method, and the modified velocity representation of the electric
dipole operator was used with the CCSD and CC2 methods.”® The 1s core orbitals for all
carbon and oxygen atoms were held frozen in the coupled cluster computations. Optical
rotations were computed using the correlation-consistent basis sets of Dunning and co-
workers, including one or two sets of diffuse functions as necessary.’*™® For simplicitly,
the names of the Dunning basis sets will be abbreviated as follows: DZ = cc-pVDZ, aDZ
= aug-cc-pVDZ, aTZ = aug-cc-pVTZ, daDZ= d-aug-cc-pVDZ, aDZ/DZ = aug-cc-pVDZ
on carbon and oxygen atoms plus cc-pVDZ on hydrogens, aT(D)Z/DZ = aug-cc-pVTZ on
atoms involved in double bonds plus aug-cc-pVDZ on all other carbons plus cc-pVDZ on
hydrogens, (d)aDZ/DZ = d-aug-cc-pVDZ on atoms involved in double bonds plus aug-cc-
pVDZ all other carbons plus cc-pVDZ on hydrogens. The calculations demonstrate the
existence of six stable conformers, in agreement with Harding et al. and Jansik et al.?""°
Boltzmann populations were computed using Gibbs free energies from both B3LYP/6-
311G(d,p) and G3 approaches, within the ideal-gas, rigid-rotor, and harmonic-vibration
approximations.’’*’® (These populations will be referred to hereafter as “B3LYP” and “G3”,
respectively.) Contributions from temperature-dependent (300 K) molecular vibrations were
computed for each conformer following the approach described by Wiberg et al.,”° using the

B3LYP/6-311G(d,p) harmonic force field. Displacements along each normal mode were

computed using stepsizes of 0.05 (cf. Ref. 50). In order to obtain stability of the numerical
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differentiation, the equilibrium geometries were converged to a root-mean-square force of
1 x107% E}, /ag, with pruned numerical integration grids of at least 99 radial shells and 509
angular points per shell. All BSLYP computations were carried out using Gaussian03.%
and Gaussian09,”’ while all coupled cluster computations were carried out using PSI3.%°
The PCM model calculations utilized the integral equation formulation using UAO (Simple
United Atom Topological Model) to construct the solvent exclusion region as implemented
in Gaussian03.%!. The structure of the six conformers were optimized in each of the solvents
listed in Table 2.10 using the PCM model coupled with B3LYP /aDZ method and the higher
accuracy G3MP2 method.®! The goal with the usage of the G3MP2 calculations is to obtain
more accurate Gibbs free energies which influence the relative populations drastically. The
geometries obtained from optimization with B3LYP /aDZ with the PCM model were used
to calculate the optical rotation at 589 nm, 578 nm, 546 nm and 436 nm. A Boltzmann
averaged OR using the Gibbs free energy obtained from B3LYP/aDZ and G3MP2 method
was calculated at 25°C ("G3MP2 Avg" refers to a boltzmann average in solution using
G3MP2 coupled with the PCM model and "B3LYP/aDZ Avg" uses B3LYP /aDZ coupled
with the PCM model to calculate Boltzmann averages ). As with the gas phase calculations,
the populations are determined within the ideal gas, rigid rotor, and harmonic- vibrational
approximation with additional corrections for the electrostatic, cavitation, dispersion and
repulsion interactions in solution. All solution phase calculations were performed on (S)-

(+)-carvone.

2.2 Experimental Methods

2.2.1 Concentration-Dependent ORD

(R)-(-)-carvone and (S)-(+)-carvone were obtained from Alfa Aesar with a stated purity of
98% and 96%. These samples of carvone were used for all the experiments in this paper. The
quoted specific rotation of the samples for the samples were 60.8 deg dm™* (g/mL)_land
60.2 deg dm™! (g/mL)~!. Each solution was prepared without purification using seven
or eight different concentrations ranging from 1.28 x 1072 g/mL to 3.85 x 1072 g/mL.

Data for each wavelength and concentration were measured five times and the average
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of these five measurements was used to determine the ORD at infinite dilution in order

82-84 Al the measurements of optical

to minimize the effect of solute-solute interactions.
rotation in this article except for the neat value for carvone, are the result of an extrapolation
to infinite dilution. Optical rotations were measured at 22° to 25° C using a 10 cm
path length at 589 nm, 578 nm, 546 nm, and 436 nm with a Perkin Elmer model 241
polarimeter. With this apparatus the typical fluctuation in the measured angle was 0.002°.
The extrapolated intrinsic rotation was determined by fitting the absolute rotation to a
fourth-order polynomial, using the constraint that the rotation must decay to zero at zero
concentration. The error bars for each measurement are the fitting parameter error bars
using a scaled Levenberg-Marquardt algorithm for the fitting. The ORD curves obtained

from the extrapolation method were compared to the Drude model to check for consistency.

All the parameters used to fit the Drude model to the ORD data are given in Table 2.12.

2.2.2 Gas and solution phase CD

The solution phase CD was measured using a lmm path-length in an Aviv Biomedical model
202 CD spectrometer. The gas-phase CD was measured using a lcm path-length in the same
spectrometer with a small amount of sample placed in the bottom of the sample container.
Various concentrations were used when preparing the solutions. The temperature of the
gas-phase measurements were varied from 20°C to 60°C. The gas-phase measurement is
unreliable below 250 nm because of the absorption of the quartz cell. The sample container
was monitored for condensation on the walls. No obvious condensation was observed but
the possibility of a thin layer being deposited on the surface cannot be ruled out, but this
should not affect the room-temperature data. The data were taken with four seconds of

averaging per data point at 0.5 nm steps for both solution and gas phase CD.

2.3 Results and discussion

2.3.1 Experimental ORD

The chemical literature is replete with efforts to correlate properties such as ORD and

CD with various properties of solvents, both pure and mixtures. For example, in a series of
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Table 2.2: Sample concentrations used in the CD measurements.

Solvent Concentration(g/mL)
2-butanol(racemic) 0.10
2-butanone 0.12
acetone 0.04
acetonitrile 0.11
benzene 0.12
2-butanal 0.13
cyclohexane 0.03
cyclopentanone 0.13
ethanol 0.19
propionitrile 0.08
valeronitrile 0.05

papers in the 1930s, Rule and co-workers studied the effects of solvent polarity on the specific
rotation of several chiral solutes, include, for example 1-menthyl methyl naphthalate,® and
found that for solvents of the same type a rough approximation to a smooth curve is obtained
when rotatory powers are plotted against dipole moments.” However, other studies from the
same group found the relationship between the dipole moment of the solvent and the ORD
of the solute to be erratic, such as for methylentartaric acid.®°

In 1970, Kumata et al.®” considered a number of solvent parameters, including dipole

moment, Onsager dielectric function,

fle) = (2.3)

as well as the Ep(30) parameter, which is defined as the excitation energy corresponding
to the maximum absorption of a standard dye in a given solvent.?? Using propylene oxide
(methyloxirane) as a test case, they attempted to correlate such properties with the rotivity,

), which is the specific rotation modulated by the Lorentz solvent factor,

3

0=_°2_
3 n2 +2

[a] (2.4)
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where n is the index of refraction of the solvent. While they did find reasonable correlation
between Q and solvent polarity, the relationship with other parameters was considered

((poor;”

apart from indicating “a general trend.”

More recently, Wiberg et al. studied the ORD of (.S)-2-chloropropionitrile in different
solvents,®® and compared their measured rotations to the corresponding Onsager reaction
field values. While most solvents exhibited reasonable correlation between the two, the
measured rotation in benzene fell far below that of the other solvents, and the extrapolated
(e = 1) gas-phase value of -21 deg dm™! (g/mL) ™! was nearly a factor of three smaller than
that measured via cavity ring-down polarimetry at -8 deg dm™! (g/mL)~!. In 2006 Fischer
et al.? correlated the extrapolated ORD of 3-methylbenzylamine with the various solvent
parameters and the Kamlet-Taft parameters. 3-methylbenzylamine was chosen because it
both donates and accepts hydrogen bonds. There was no strong correlation for any of the
chosen solvent parameters in their study, and they reported an R? value of 0.667 when
comparing experimental data to Kamlet-Taft parameters.

Measurements of the ORD for (S)-(+)-carvone at 436 nm, 546 nm, 578 nm, and 589
nm, dissolved in 17 different solvents are summarized in Table 2.3, and the ORD is seen

to fit well with the Drude model as shown in Figure 2.2, regardless of solvent. This fitting
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Figure 2.2: The ORD of S-(+)-carvone in 17 different solvents fit to a one parameter
Drude model. For clarity some of the Drude model fits have been omitted but the
parameters for those fits are included in Table 2.12
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Table 2.3: Measured ORD of (S)-(+)-carvone (deg dm™' (g/mL)~') at 4
wavelengths.
Solvent 436 nm 546 nm 578 nm 589 nm
1-octanol 116.7£11.1 66.0£58 57.6+50 56.8+4.8
2-butanol (racemic) 107.0+13.9 60.1+£79 52.6+6.8 50.4+6.4
2-butanone 100.9£5.3 59.04+3.3 52.0£3.0 49.8+28
acetone 110.0£5.1 652428 56.4+28 54.2+26
acetonitrile 114.8+£9.4 66.2+£53 56.8+£48 54.8+48
benzene 1124 +£13.6 62579 538+£74 51.6+£7.0
benzonitrile 134470 75.7+£38 67.1+£34 649+£28
butanal 10994+ 86 64.0+£5.0 56.2+47 53.7+4.1
cyclohexane 91.7£79 58159 5H1.6+44 476=+58
cyclopentanone 128.74+89 743+£53 652+44 625+4.6
DMSO 155.7+12.1 85.4+6.7 740+£54 T71.1+£5.3
ethanol 132.7+14.3 76.5+£85 65.3+£7.3 62.7+6.8
methanol 11004+4.4 61.8+28 54.1+£26 51.8+27
nitrobenzene none 779+33 68.0+£26 66.7+£27
nitroethane 126.2+£15.6 71.9+£9.1 63.5+81 59.8+8.0
propionitrile 1044+17 619+14 53.0£15 51.0£1.5
toluene 103.4+85 579447 49.7+41 48.1+3.9
valeronitrile 100.4 £6.2 59.14+3.7 51.3£3.0 49.3+£3.0
neat - - - 61.0

opens the question as to what solvent characteristics have the most significant influence
on the rotation. Thus, using the values of the ORD at 589 nm, linear fits were made to
the solvent parameters of Table 2.1. The resulting correlation was generally weak, and the
strongest match (R? = 0.611) was obtained with the dipolarity /polarizability Kamlet-Taft
parameter, 7*. The solvent dipole moment and dielectric constant had correlation values
of R? = 0.442 and R? = 0.455 while other terms did not have a significant correlation. A
least-squares fit of Eq. (2.2) was then carried out using the measured value of the specific
rotation in cyclohexane ([a]aA = 44.69 deg dm~* (g/mL) 1) as a constraint, yielding values
of a, b, and ¢ of -9.16, 11.04, and 9.83, respectively, and an average root-mean-squared
difference between the experimental and calculated ORD of 4.1 deg dm~! (g/mL)~!. The
slope of the best fit line and its R? value are 0.98 and 0.95 in Figure 2.3 is close to the ideal
slope of 1. This fit leads to the tenuous conclusion that the ORD of carvone most strongly

depends upon the dipolarity/polarizability of the solvent and that hydrogen bonding has
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little effect. This does not agree with the expectation that the terms and a and ¢ should be
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Figure 2.3: Plot of data calculated using the Kamlet-Taft parameters found in
this study versus the measured experimental optical rotation at 589nm. The line
represents perfect correlation between the experimental and calculated values.

larger in magnitude . However, the overall correlation between the experimental data and
the Kamlet-Taft parameters remains relatively weak (see Figure 2.3), suggesting that other
factors — conformer populations, molecule-specific solvent-solute interactions, etc. — must

be considered for a more complete understanding.

2.3.2 Experimental gas-phase and solution-phase CD spectra

Measured UV-Vis and CD spectra for (R)-(-)-carvone dissolved in cyclohexane are shown
in Figure 2.4. We note that the positive CD vibrational features correlate exactly with the
vibrational peaks in the UV-Vis spectrum in the n — 7* transition, but, most interestingly,
the negative CD peaks do not correlate with their UV-Vis counterparts. CD spectra of
carvone in 11 different solvents are shown in Figure 2.5, and the sign, width, and positions
of the peaks are observed to vary with the choice of solvent. For the ketone solvents, the

CD is noisy at short wavelength because of strong solvent absorption. Also, for benzene and
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Figure 2.4: Representative CD(dashed line) and UV /vis(solid line) spectrum of
(§)-carvone in cyclohexane.

valeronitrile, the CD was above the maximum measureable of 0.5 degrees of ellipticity at
320 nm.

It is interesting to note that the relative intensity and sign of vibronic peaks change with
choice of solvent around 355 nm. Each of the six conformers will interact with each solvent
differently. Therefore, the solvent environment is expected to affect both the conformer
populations as well as the rotational strengths of each for different transitions.

The solution phase CD in Figures 2.5 and 2.4 spectra show significant shifting and even
sign changes for particular vibronic peaks in the n — 7* transition region from 300 to 400
nm. The structure seen in the n — 7* transition between 400 and 300 nm has been reported
previously by Ballard et al.?® who attributed them to vibrational structure due primarily

to the carbonyl stretching mode at v ~ 1200 cm ™.

Our analysis does not support this
interpretation because the frequency for the carbonyl stretching mode was calculated to
be greater than 1700 cm~! when using B3LYP with both aDZ and 6-311G(d,p) basis sets.

Instead, the vibrational states from 971 cm™! to 1226 cm™! involving ring deformations,
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Figure 2.5: CD spectra of (5)-(+)-carvone in various solvents. The acetone and
cyclopentanone data sets have large error below 315 nm and 340 nm respectively due
to solvent absorption.

propene bending, C—C stretching, and hydrogen bending and rocking are the bands making
the largest contribution to the CD in the n — 7* region. The n — 7* peaks given in

Table 2.4 have spacings of ~ 1000cm™?.

It is also interesting to note the red shifting
of the onset of the peak located at ~ 266 nm as the temperature increases. This could
be a peak broadening effect from the increased pressure or it is also possible that this is
the result of more specific gas phase molecular interactions similar to the Franck-Condon
solvation principle. Similar vibrational structure is seen in the gas-phase ECD spectrum
shown for comparison in Figure 2.6. It is particularly interesting to note that the ECD for

carvone in strongly polar molecules such as acetonitrile resembles that for the gas phase or

in cyclohexane (cf. Figure 2.4).
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Table 2.4: Transition energies of the n — 7 peaks and corresponding energy
differences between adjacent peaks in the (R)-carvone ECD spectrum.

Wavelength (nm) FE (em™!) AFE (em™)

373.5 26773.76 0.00
360.0 27777.78 1004.02
348.0 28735.63 957.85
335.0 29850.75 1115.11
322.5 31007.75 1157.01
311.5 32102.73 1094.98
20 -
0 3
& A , i
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Figure 2.6: Measured gas phase ECD of (5)-(+)-carvone in millidegrees of ellipticity

This is reminiscent of the observation by Vaccaro and co-workers*” that their gas-phase
ORD measurements more closely resemble those measured in polar rather than non-polar
solvents. We propose a possible explanation for the non-perturbing nature of certain highly
polar molecules on the ORD and ECD of certain chiral molecules. Molecules with dipole
moments greater than 2.5 Debye are known to form very diffuse, weakly-bound dipole-
bound anions. **~"* The extra electron exists in a very diffuse orbital at an extended distance
from the molecular framework. Klahn et al.”* and Mikulski et al.”® have measured the
mobility of excess electrons in CH3CN (dipole moment = 3.925 Debye) and HCN (dipole
moment = 2.985 Debye) and found a strong gas density dependence of the “zero-field”
density-normalized mobility (un). Both CH3CN®’ and HCN? are known to form dipole
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bound anions. In order to rationalize this anomalous effect they proposed a transport
process in which short-lived dipole-bound anions (lifetime > 12 ps) as quasilocalized states
are produced and electrons “hop” from one dipole to another. It is possible that a similar
situation can exist in solution in which the excited electron in the excitation of carvone
enters into a dipole-bound quasi-stationary state of the polar solvent. The excess electron
is proposed to rapidly “jump” from one surrounding dipole to the next with little scattering
effects. Thus, the solvent provides a type of “band structure” which only slightly perturbs

the excited electron through scattering.

2.3.3 Theoretical calculations of ORD

Table 2.5 summarizes the relative energies and corresponding Boltzmann populations at 298
K for each of the six relevant conformers of carvone in the gas phase. Initial computations
using the B3LYP/6-311G(d,p) method indicated that the three axial conformers have
energies at 8.0 kJ /mol and higher relative to the lowest-energy conformer and thus contribute
no more than 1.7% to the average specific rotation at room temperature. However,
subsequent computations using both DFT and coupled cluster methods employing only the
equatorial conformers yielded specific rotations at 589 nm for (R)-(-)-carvone ranging from
20 to 63 deg dm™! (g/mL)™!, i.e. qualitatively incorrect results compared to experiment
(cf. Table 2.3 for the (S) enantiomer). Higher level conformer computations using the G3
method produced significantly different energetics, with the three equatorial conformers
much closer in energy and two of the axial conformers falling to within 3.4 kJ/mol of the
lowest-energy equatorial structure. The corresponding populations at 298 K indicate that
the axial conformer cannot be neglected as together they contribute more than 18% of the
total average.

Tables 2.8, 2.6, and 2.7 report specific rotations at 589 nm for all six conformers
with various basis sets at the BSLYP, CC2, and CCSD levels of theory, respectively. All
three methods agree that the individual conformers exhibit substantially different specific
rotations, much larger than the absolute value of that measured in solution. (See Table
2.3.) Two of the three lower-energy equatorial conformers give positive rotations for the (R)

enantiomer (which has a negative rotation experimentally). On the other hand, two of the
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Table 2.5: Computed relative energies and populations of the conformers of carvone.

Dihedral Angle® Relative Energy(kJ/mol)  Populations @ 298 K

Conformer B3LYP/6-311** G3  B3LYP/6-311G** G3 B3LYP/6-311** G3
1(eq) 121.7 126.8 0.0 0.0 0.44 0.30
2(eq) 249.9 251.7 1.3 0.48 0.26 0.25
3(eq) 348.2 348.3 1.3 0.28 0.26 0.27
1(ax) 116.2 115.0 8.9 6.4 0.012 0.022
2(ax) 248.8 241.1 8.7 3.4 0.013 0.075
3(ax) 355.1 4.8 8.0 3.0 0.017 0.090

a. Defined as the C9—C8—-C7—C5 angle of Figure 2.1

three axial conformers exhibit negative rotations — another reason that their contribution
must be included for accurate computations. The basis-set dependence of the BSLYP results
is small; only a few deg dm~! (g/mL)~!shift between the aDZ, daDZ, and aTZ basis sets is
observed. The basis-set dependence of the CC2 method is somehwat larger, but the use of a
triple-zeta basis on the doubly-bonded atoms (aT(D)Z/DZ) tends to produce the opposite
shift from the use of extra diffuse functions on the same atoms [(d)aDZ/DZ]|. Only one basis
set (aDZ/DZ) was possible with the more expensive CCSD method, but some estimate of the
impact of higher angular momentum and diffuse functions can be obtained by comparison
with the CC2 data. While diffuse functions are requisite, including such functions on the
hydrogen atoms makes little difference in this case.

For example, at the CC2 level of theory using the aug-cc-pVDZ basis set on the carbon
and oxygen atoms but only cc-pVDZ on the hydrogen atoms yields an optical rotation at
589 nm of 94.6 deg dm~! (g/mL)~!, while extending the hydrogen-atom basis set to aug-cc-
pVDZ given a rotation of 99.9 deg dm~! (g/mL)~!. Two Boltzmann averages are reported
in Tables 2.8-2.7, viz. those from the B3LYP/6-311G(d,p) structures and those from the G3
computations, with the latter expected to be significantly more accurate for a gas-phase
simulation. For every method, the G3 populations yield a more negative average rotation
for the (R) enantiomer, because G3 gives greater weight to the equatorial-3 and axial-3
conformers both of which have strong negative rotations. However, for the B3LYP and CCSD
methods, the G3 populations still do not produce overall negative specific rotations for (R)-
(-)-carvone, in disagreement with experiment. At the B3LYP level, the aTZ basis set gives a

G3-averaged rotation of 11.8 deg dm ™! (g/mL)~!, and at the CCSD level, the aDZ/DZ basis
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Table 2.6: Specific rotations (in deg dm™' (g/mL)™!) at 589 nm computed using
CC2 and various basis sets with ({[a]p)) and without ([a]p) vibrational corrections
from Table 2.9.

CC2
aDZ/DZ aDZ aT(DYZ/DZ _ (d)aDZ/DZ
Conformers  [a]p ([a]p) [o]lp  ([dp) [olp (lalp) [alp  ([a]p)

1 (eq) 94.6 12.5 99.9 179  107.6  25.5 99.9 17.8
(eq) 203.9 347.6 2039 3476 221.9 365.6 203.6 347.3

3 (eq) -291.6 -410.3 -292.5 -411.2 -297.1 -415.8 -288.4 -407.1
(ax)
(ax)

974 -1975 -95.3 -1954 -1104 -210.5 -98.9 -199.0
11.7 35.6 22.1 46.1 7.8 31.8 14.2 38.2
3 (ax) -212.6 -360.0 -214.4 -361.7 -221.6 -368.9 -212.6 -359.9

B3LYP* 141 -19.2 164 -17.0 22.7v -10.7 172  -16.1
G3b -19.8  -544 -17.8 -52.3 -144 -489 -17.3 -51.8

a. 'B3LYP Avg’ population
b. ’G3 Avg’ population

set gives a corresponding 4.4 deg dm™! (g/mL)™!. The CC2 method, however, does give
negative rotations (with all basis sets used here) when the G3 populations are employed.
The CC2/(d)aDZ/DZ level gives an average rotation of -17.3 deg dm~! (g/mL)~!. (Note
that the B3LYP populations produce the incorrect sign for all methods.)

Application of the vibrational corrections given in Table 2.9 to the equilibrium rotations
shifts the Boltzmann averaged results closer to experiment for all methods. The vibrationally
averaged rotations are also given in Tables 2.8-2.7. For the B3LYP method, the best result is
approximately -24 deg dm~! (g/mL)~! (B3LYP/daDZ), while for CC2 and CCSD the best
vibrationally averaged results are ca. -52 and -30 deg dm~! (g/mL)~!, respectively, which
bracket the the value of [a]p measured in cyclohexane (see Table 2.3) of -44.7 deg dm™!
(g/mL)~!(corrected for the choice of enantiomer). Greater accuracy would be obtained
from inclusion of anharmonicities as well as the use of CC-based vibrational corrections.
We note that the BSLYP and CCSD averages are reasonably close to one another, even
though the specific rotations of the individual conformers differ dramatically in some cases.

The tendency of B3LYP to overestimate the specific rotation is related to its concomitant
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Table 2.7: Specific rotations (in deg dm™' (g/mL)™") at 589 nm computed using
CCSD and the aDZ/DZ basis set with ({[a]p)) and without ([a]|p) vibrational
corrections from Table 2.9.

CCSD
Conformer [a]p  ([a]p)

1(eq) 1127  30.6

2 (eq) 2014 3452
3(eq)  -231.0 -349.7
1(ax) -394 -159.5
2 (ax) 76 316

3 (ax) -183.5 -330.8
B3LYP® 38.1 4.7
G3b 4.4 -30.2

a. 'B3LYP Avg’ population
b. ’G3 Avg’ population

tendencies to underestimate excitation energies’?*® and to overestimate CD rotational
strengths.*®

The theoretical ORD in each solvent listed in Tables 2.10 and 2.11 was calculated using
the Gibbs free energy obtained using B3LYP/aDZ and the G3MP2 method coupled with
the PCM model. There are two significant differences between the Boltzmann populations
obtained in each solvent using B3LYP/aDZ and G3MP2 energies. The solution phase
B3LYP/aDZ Avg is dominated by the eq(1) conformer in all solvents while the G3MP2
avg has a more equitable distribution of population between the equatorial conformers. In
ethanol the B3LYP/aDZ population of eq(1) conformer is 46% of the total populations
compared to a G3MP2 Avg population of 32% . In fact, for the aromatic solvents benzene
and toluene, the eq(2) conformer is the most stable structure followed by the eq(1) and
eq(3) structures. The Axial conformers make an insignificant contribution to the total ORD
with the B3LYP /aDZ Avg. For example, in ethanol the axial conformers make up 4% of the
total population and contribute 3.5 deg dm™! (g/mL)to a total specific rotation of -58.6
deg dm~! (g/mL)~!. With the G3MP2 Avg the axial conformers make up 17% percent
of the total population and contribute 20 deg dm~! (g/mL)~'to the total rotation versus

the equatorial contribution of -29 deg dm™! (g/mL)~!. The ORD at five wavelengths is
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Table 2.8: Specific rotations (in deg dm™' (g/mL)™!) of (R)-(-)-carvone at 589
nm computed using B3LYP and various basis sets with (([a]p)) and without ([¢]p)
vibrational corrections from Table 2.9. Populations were determined using the G3
gibbs free energy and B3LYP energies.

B3LYP
aDZ daDZ aTlZ

Conformer [a]p  ([o]p) [olp  ([a]p) [alp  ([a]p)

1 (eq) 191.2  109.1 195.6 113.5 193.2 111.1
(eq) 2374 381.1 240.3 384.0 242.2 385.9

3 (eq) -340.1 -458.8 -341.1 -459.8 -336.8 -455.5
(ax)
(ax)

-66.4 -166.5 -73.2 -173.3 -66.3 -166.4
824 1064 81.1 105.0 822 106.1
3 (ax) -230.1 -377.4 -231.7 -379.1 -2259 -373.2

B3LYP* 53.8 20.5 56.1 22.7 56.8 23.5
G3b 88  -25.8 10.1 -244 11.8 228
a. B3LYP population average.
b. G3 population average.

summarized in Tables 2.10 and 2.11. In all cases the use of the G3MP2 Avg pushed the
results closer to the experimentally measured positive rotation. In the case of methanol and
toluene the rotation was calculated to be positive for four of the five wavelengths. However,
the calculated ORD does not have the correct form because it is becomes more negative
as the wavelength decreases. Additional corrections are needed to obtain a qualitatively
correct ORD in solution. Based upon the gas phase results, it is likely that the vibrational
corrections need to be considered to bring a solvent phase calculations into agreement with

experimental results.

2.3.4 Theoretical calculations of ECD

The electronic circular dichroism of (S)-(+)-carvone was calculated using TD-DFT/B3LYP
with the aDZ basis set without the inclusion of corrections due to excited state geometry
changes, Franck-Condon factors, and vibronic coupling between the ground and excited
97;98

states. The calculated rotational strengths and oscillator strengths for 10 transitions of

all the conformers are given in Table 2.13. The CD plotted in Figure 2.7 was calculated
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Table 2.9: Harmonic vibrational corrections (in deg dm™" (g/mL)™!) to the specific
rotation at 589 nm for each conformer of (R)-carvone.

B3LYP/aDZ//B3LYP/6-311G(d,p)
Conformer Vibrational Correction

1 (eq) -82.1
2 (eq) 143.7
3 (eq) 118.7
1 (ax) -100.1
2 (ax) 24.0
3 (ax) 11473

Table 2.10: Calculated optical rotation (deg dm™" (g/mL)™!) of (5)-(+)-carvone
using the PCM model. Both the structure and the optical rotation were computed
using the aDZ basis set.

B3LYP/aDZ
Wavelength (nm)
solvent 436 532 546 578 589

acetone -191.1 -71.6 -64.2 -51.2 -47.7
acetonitrile -198.0 -76.2 -68.6 -55.0 -51.3
benzene -212.6 -80.6 -72.5 -58.2 -54.3
cyclohexane -144.3 -29.4 -25.2 -25.2 -18.1
DMSO -200.3 -77.0 -69.4 -55.7 -51.9
ethanol -206.3 -81.1 -73.1 -59.0 -55.1
methanol  -187.8 -70.1 -62.9 -50.1 -46.6
toluene -193.6 -73.6 -66.1 -53.0 -49.3

using the following equations

N Ry v
CD; = 0.0247) %;: o2 (2.5)
j=1
6
CDtotal = Z Pz : CDz (26)
1

where C'D; is the CD for the ith conformer, R; is the rotational strength 10~% erg esu cm Gauss !,
v; is the frequency in cm™!, respectively, of each CD band, and P; is the population of the ith
conformer. The peak broadening parameter o was chosen to be 2000 cm™!.%’ The positions

of the excited states are close to expected values based upon the CD spectrum and data from
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Table 2.11: Calculated optical rotation (deg dm™" (g/mL)™") of (5)-(+)-carvone
using the PCM model. The ORD was calculated using structures optimized with
B3LYP/aDZ and the relative population of each conformer was determined using the
Gibbs freee energy obtained from G3MP2 calculations.

G3MP2

Wavelength (nm)
solvent 436 532 546 578 589

acetone -104.8 -34.3 -30.3 -23.3 -21.4
acetonitrile -60.6 -9.3 -6.9 -3.1 -2.1
benzene -116.2 -41.8 -37.3 -29.5 -274
cyclohexane -45.5 -1.0 0.7 3.4 4.0
DMSO -62.1 -16.2 -13.4 -87 -75
ethanol -75.2  -183 -154 -10.5 -9.2
methanol -41.7  -0.3 1.4 3.9 4.4
toluene -87.3 -22.7 -19.3 -13.7 -12.3

Mineyama et. al.’® The measured excited state transition at 266.72 nm for the equatorial 1
conformer is close to the calculated value of 265 nm.?® There is not significant aggreement
between theory and experiment because of the lack of vibrational structure in the ECD. The
calculated position of the n — 7* for this ketone is 349 nm which is in the correct range
of experimental data. The frequencies of the calculated transitions was scaled by factor of
0.95 so the wavelength matched match the highest intensity peak of the ECD in the n — 7*
region.

The position of the electronic features were close to their expected positions but the
lack of vibrational contributions is believed to be the primary explanation for the large
disagreement between experimental and theoretical ECD for the n — 7* transition. Any
correction to obtain an accurate CD spectrum would need to include vibronic coupling into
the theory. The circular dichroism for carvone in the gas phase and in solution with various
solvents including cyclohexane have the same general structure. The structure of the ECD
over the n — 7* in the gas phase and in each solvent starts negative and crosses zero to
become positive but the position of the zero crossing, the number of peaks to the left and
right of the zero crossing varies and the resolution changes with solvent choice. Nonetheless,

it is unlikely that the difference in sign of theoretical and experimental ORD is due to solvent
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Figure 2.7: Computed ECD spectrum of (5)-(+)-carvone. Figure A. is a plot
theoretical ECD calculated using populations from the G3 method and B3LYP /adz.
Figure B. is a comparison of theory and experimental CD of (S)-(+)-carvone in
cyclohexane.

effects. Based upon the calculations in Figure 2.7 there should be many other strong ECD

features below 250 nm.

2.4 Summary and Conclusions

We have carried out both experimental and theoretical studies of the optical activity of
carvone in order to elucidate the potential importance of solvent effects on its ORD and
CD spectrum. Correlation of the experimentally determined ORD in various solvents with
a variety of parameters, including dipole moments, Kamlet-Taft parameters and others,
suggest that solvent polarization plays the most significant role in the measured response.
However, the correlation in this case is still weak, which is not surprising given that
such parameters do not take into account the conformational flexibilty of the carvone
solute. Experimental CD measurements confirm the vibrational structure in the n — 7*
regime reported earlier, though the previous assignment of this progression to the carbonyl
stretching mode is not borne out by quantum chemical computations. Interestingly, the gas-
phase CD spectrum agrees better with solution-phase CD spectra taken in polar rather than

non-polar solvents. We offer a hypothesis for this phenomenon based on the observation
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that solvents with strong dipole moments (> 2.5 Debye) can exhibit a “band” structure
in which electrons (such as those excited from the solute) can occupy quasi-stationary
states of the solvent molecules. Such a band structure will not exist for non-polar solvents,
which thus perturb the solute’s diffuse excited states more strongly compared to the gas-
phase. Although this hypothesis is appealing and appears to account for the current set of
observations, more experimental and computational studies will be necessary to test it.
High-level coupled cluster computations of the ORD of carvone are found to yield incor-
rect signs compared to solution-phase experiments unless accurate Boltzmann populations
and harmonic vibrational corrections are included. While some of the discrepancy between
theory and experiment in this case undoubtedly arises from the lack of incorporation of
solvent effects in the former, in this case it appears to be more important to model the
conformer energetics correctly and to include temperature-dependent vibrational motion.
Also, the inclusion of solvent effects using the PCM model predicts results similar to the gas
phase calculations when the same method and basis set are used and vibrational corrections
are not included. This further supports the argument that vibrational corrections are of

primary importance to calculating an accurate ORD in the case of carvone.
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Table 2.12: parameters for the one wavelength drude fit 0 = 355

752
Solvent Ao K
1-octanol 216.1 1.67x107
2-butanol (racemic) 185.1 1.56x107
2-butanone 225.7  1.49x107
acetone 191.5 1.69x107
acetonitrile 216.1 1.64x107
benzene 238.0 1.50x107
benzonitrile 216.1  1.93x107
butanal 199.3  1.65x107
cyclohexane 199.3  1.65x107
cyclopentanone 205.7  1.90x10°
DMSO 242.6  2.04x107
ethanol 219.2  1.89x107
methanol 225.6  1.53x107
nitrobenzene 147.7  2.15x107
nitroethane 215.6 1.81x107
propionitrile 195.8 11.59x107
toluene 233.3  1.40x107
valeronitrile 195.0 1.53x107
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Table 2.13: The oscillator strength and rotatory strength of (5)-(+)-carvone. The

wavelength A is in nanometers, f is the dimensionless oscillator strength, and R is

the rotational strength in 10~*° erg esu cm Gauss ™.

eql eq2 eq3
A f R A f R A f R
349.12  0.0006 -2.9161 354.40 0.0002 -3.1918 352.89 0.0002 -0.4133
264.91 0.0477 -24.542 262.47 0.0123 8.1153 263.48 0.0050 -2.1767
237.92 0.1568 2.3744  236.08 0.1555 -39.2539 234.70 0.1855 33.2424
215.53 0.0173 -7.2472 216.09 0.0251 13.0810 214.31 0.0046  4.3819
210.54 0.0032  4.5795  209.58 0.0317  9.3396  209.83 0.0027 -2.2662
209.37 0.0238 -31.6213 206.17 0.0141 15.379 207.64 0.0073 -3.8939
203.48 0.0084  5.6527  202.64 0.0041 0.8495 201.79 0.0015 3.9314
201.41 0.0101  4.3470 200.29 0.0133 -24.6184 200.47 0.0013 0.5372
198.74 0.0039 6.4503 197.64 0.0013 -2.1935 198.69 0.0093 -2.1112
197.12 0.0305 4.2940 197.24 0.0075  3.9527 194.69 0.0044 12.4543

ax1 ax2 ax3
A f R A f R A f R
356.47 0.0005 4.0869 354.71 0.0004 4.1728 354.05 0.0002 -0.2026
269.28 0.0507  5.5880 275.49 0.0124 -5.8581 274.40 0.0063 1.4787
239.33 0.1456 -8.1218 235.83 0.1375 -41.0432 236.36 0.1608 54.3385
219.05 0.0050 -4.2183 223.54 0.0199 3.1369 222.85 0.0011 -2.0680
213.02 0.0114 1.2183 216.06 0.0161 15.5187 213.85 0.0021 -4.1256
206.85 0.0032 -1.3343 210.08 0.0070 12.1064 211.77 0.0211 -4.6739
203.21 0.0016 -2.1332 203.82 0.0046 -6.6964 205.60 0.0122 -14.9251
202.82 0.0108 2.7834 203.15 0.0000 -0.0838 201.52 0.0126 -6.9943
198.00 0.0023 -1.0555 200.77 0.0452 21.4622 200.75 0.0020 -0.1982
196.92 0.0062 2.0642 199.49 0.0010 2.5559 197.86 0.0116 17.2194
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Chapter 3

Temperature Dependent Circular

Dichroism of Carvone

3.1 Introduction

The material herein is not only applicable to circular dichroism it can be extended to other
spectroscopic techniques as well. Any experiment where the measured signal has a form like
Equation 3.1 can use this method with obvious considerations of signal to noise. This study
follows two previous studies that considered the electronic circular dichroism of carvone in
solvents. The first was performed by Ballard et. al?? reported the temperature dependent
CD and derived the enthalpy of formation for the higher energy axial structure to be 0.087 eV
with temperature dependent data. Temperature dependent CD data of carvone in solution
phase was published Suga et. al as well.”* They studied carvone in decalin at 298.15 K and
419.15 K as well as a 1:3 by volume mixture of methycyclohexane and isopentane at 181.15 K
and 298.15 K. Also, 3-methylcyclopentanone has been studied using CD as a method to
determine entropy and enthalpy of formation of the higher energy conformer. '’ This study
looks at ECD of carvone in multiple solvents given in Table 3.1. To explore conformational
effects with carvone in various solvents the temperature dependence was examined and
compared with gas phase ECD (see 2.6). The method of analysis used by Ballard et. al

and Basheer to determine the AH and AS rely on the assumption that the molecule has
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only two conformers.?*'" Ballard’s paper ignored the rotamers of carvone and assumed
that it comprised of two primary structures, referred to herein as the axial and equatorial
conformers. It is known that carvone can exist in at least six conformers (see page 16).
There is much more discussion on the conformational flexibility of carvone listed in Chapter
2. The important thing to note is that the conformers of carvone can be classified as
either equatorial or axial depending upon whether the bond is approximately parallel or
perpendicular to the plane formed by the cyclic portion of the molecule. The angle formed
between the normal of the plane formed by atoms cl, ¢2, and ¢3 and bond ¢7—¢8 as given in
Figure 2.1 determines whether it is axial or equatorial. The equatorial conformer is nearly
perpendicular and the axial conformer is nearly parallel.

In this analysis we ignore the rotamers of carvone and also assume that only two
conformers exist. With this assumption, the ECD of a molecule is at a given temperature and
wavelength is given by equation 3.1 where Ag¢g is the ECD of the lowest energy conformer
which in this case of carvone is the equatorial conformer. Ae; is the ECD of the higher
energy axial conformer and AG = AH — TAS is the difference in the Gibbs free energy
between the two conformers.

—AG
KT
Ae(rT) = 20N T A )t (3.1)

1+ eKBT

If the ECD of the two conformers is know at the selected wavelength then the population of
each conformer can be determined for any temperature from Equation 3.1. The populations

fi of each respective conformer are given by equations 3.2 and 3.3.

—AG
eKBT

1+ e&BT

1
fo=——=%¢ (3.3)
14 eXBT
From the ratio of the populations of the two conformers the difference in entropy and
enthalpy can be determined from Equation 3.4 using a Van’t Hoff plot.
f ) —-AH

Kplog <f0 =5 +AS (3.4)
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The challenge of employing this method lies in the determination of Aey and Ae;. In the
low and high temperature limit the ECD is given by Equations 3.5 and 3.6.

Ae (N, T — 0) = Aeg (M) (3.5)
Ae (N, T — 00) = 0.5 (Aeg (A) + A€y (N)) (3.6)

Using the High and low temperature limits to experimentally approximate the ECD of each
conformer. Combining Equations 3.1, 3.5, and 3.6 to solve for the ECD at any temperature

in terms of the ECD at the low and high temperature limits yields Equation 3.7.

A€(A,T) = Ae(A,T — 0) tanh ( AG ) 28¢(\, T — o0)

(3.7)
2KpT | 4 et

This formula was derived by first by Ballard et. al with the minor difference that they
did not consider the entropy difference between the conformers.?? There does not seem to
be any reason to leave out this term. This term was first included by Basheer, Pagni and
Compton. 0!

Both Ballard et. al and Basheer et. al ignored the fact that the solvent expansion has
an effect on concentration of the solution and therefore the CD used in the extrapolation.
The concentration can be modified with solvent temperature expansion coefficient assuming

that the solution is dilute. Assuming the solution is dilute 3.1, Equation 3.1 is modified to

include a solvent expansion coefficient given in Equation 3.8.

—AG
AGO ()\) + Aél ()\) ekBT
G

Ac(A\T) = (1+alt —to)) (3.8)

1+ eEBT
furthermore, Both Ballard et. al and Watheq et. al made the assumption that the ECD of
each conformer is independent of temperature. This assumption is reasonable considering
that the vibrational population would be the main source of error. The vibrational
population should not contribute greatly to the ECD. Nonetheless, vibrations can definitely
have an effect. For example, Wiberg et. al measured the optical rotation of the bicyclic a-
pinene, B-pinene, pinane, camphene, camphor, and fenchone as a function of temperature. 1%

These molecules are conformationally rigid but they do have some low frequency vibrational
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modes. Wiberg et. al observed that the optical rotation that the varied with temperature
even though a-pinene is largely a rigid molecule lacking conformational degrees of freedom.
The effect was small which justifies it being ignored in the case of carvone where the

temperature dependence of the ECD is dominated by the conformational flexibility.

3.2 Experimental and Analysis Details

The circular dichroism data was acquired using an Aviv model 202 CD spectrometer in a
1lmm quartz cuvette for the solution phase measurements and 1 cm quartz cuvette for the
gas phase measurements. Each reported ECD measurement is the average of three scans and
each point is averaged for four seconds. The concentration at each temperature was corrected
using the solvent thermal expansion coefficients. The ECD was measured at 293 K, 303 K,
313K, 323 K, and 333 K. A wavelength step size of 0.5 nm and a monochromator bandwidth
0.5 nm where used for each scan. The temperature was allowed to equilibrate for 90 seconds

once the setpoint temperature was reached. In the case of cyclohexane and acetone, one

Table 3.1: Sample concentrations (8/m1) used in the CD measurements.

Solvent Concentration( 8mi) volumetric expansion coefficient(5¥1000 )
2-butanal 0.13 1.067
2-butanone 0.12 1.084
acetone 0.04 1.488
acetonitrile 0.11 1.02
benzene 0.12 1.14
cyclohexane 0.03 1.168
cyclopentanone 0.13 0.757
ethanol 0.19 1.427
propionitrile 0.08 0.953
valeronitrile 0.05 0.759

of the the temperature measurements was clearly an outlier and therefore ignored. When
performing the analysis, the positions of the maximum and minimum might shift slightly
between measurements so the maximum /mininum value of a small range was used when
performing the analysis at a peak/valley. Acetone, cyclopentanone and butanal restrict the

usable range of the ECD because of solvent absorption. In general, to minimize the error of
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a the CD measurements the total absorption to decrease the light intensity by Ipe™2.'7 All
ECD spectra were taken with (S)-(+)- carvone except where benzene and ethanol were used
as the solvent. For the solvent 2-butanone the error increased slightly in the range 300 to
330nm because of solvent absorption. Some peaks at shorter wavelength were not included

because the increased experimental error inhibited the analysis.
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Figure 3.1: temperature dependent ECD of carvone in 2-butanone
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Figure 3.2: temperature dependent ECD of carvone in acetone

3.3 Experimental Results

The AH and AS results for each solvent are given in Table ??. For the purpose of comparison

with those obtained from G3MP2 simulations in solvents, the average AH and AS for the
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Figure 3.3: temperature dependent ECD of carvone in benzene
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Figure 3.4: temperature dependent ECD of carvone in butanal

axial conformers was subtracted from the average AH and AS of the equatorial conformers.
The details of the calculations are given in Chapter 2, Section 2.1. For all measurements the
observed trend was that the ECD decreased for (S)-(+)-carvone with increase in temperature
while the converse was true for (R)-(-)-carvone. The effects of the solvent are quite evident
from the CD spectra taken for this chapter. For nonpolar solvents like cyclohexane, the
vibronic peaks were well defined in low polarity solvents but as the solvent polarity increased
the resolution decreased. This is a common observation. Furthermore, the more polar
solvents tended to redshift the CD spectrum. The indicate that the excited state is more
polar then the ground state because of the decreased energy of the transition. It is interesting
that the sign of that the 3rd lowest energy vibronic in the n — 7* transition region changes

sign when ethanol or butanal is used as a solvent. This is easily ascertained by a visual
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Figure 3.5: temperature dependent ECD of carvone in cyclohexane
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Figure 3.6: temperature dependent ECD of carvone in cyclopentanone

inspection of Figures 3.1 through 3.9. A comparison of solvents of the ECD in various
solvents is shown in figure 2.5. Solvents can have a drastic effect on the ECD and the ORD,

even to the point of a changing sign. '

3.3.1 Errors from Linear Extrapolation of ECD limits

Ballard et. al and Al-Basheer extrapolated to to the limits Ae (A, 7" — 0) and Ae (A, T — o0)
with a straight line. The error associated with this method was not discussed. R.E. Ballard
measured the ECD of carvone at over a range of 195-500 Kelvin. temperatures and Al-
Basheer measured the ECD of 3-methylcyclopentanone over 4 or 5 temperatures in a variety
of solvents. This Chapter analyzes this approach to quantify the error bars associated with

this method. We began by analyzing an ideal system and determine the error between the

47



degrees cmg'ml

T T T T T T
300 350 400

wavelength

Figure 3.7: temperature dependent ECD of carvone in ethanol
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Figure 3.8: temperature dependent ECD of carvone in propionitrile

actual AH and AS of the model and the one obtained by extrapolating to low and high
temperature limits. A linear extrapolation is an approximation of the tangent line at the
central temperature of the measurement, provided that the temperature variation is not
large. The slope of the CD as a function of temperature and inverse temperature (3 is given

in Equations 3.9 and 3.10.

—AH+tAS

M(t) _ AHe Rt (A612— Aéo) (39)
(145 R
—BAH+AS
—AHe R (Aq — Aéo)
M(B) = —riasZ (3.10)
(1)
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Figure 3.9: temperature dependent ECD of carvone in valeronitrile
Approximations of the ECD of the two conformers is given in Equations 3.11 and 3.12.

Aco(N) ~ Ae(\ 1) — M(#)t (3.11)
Aer(A) = 2(Ae(A, B) — M(B) B) — Aeg(N) (3.12)

The goal of this exercise is to obtain the population of the conformers as a function of
temperature. Using Equation 3.4 the enthalpy and entropy can be determined from the
population. Equation 3.13 is obtained by combining Equations 3.1, 3.11, and 3.12 and gives
the relationship between the population and the limits obtained from extrapolating.

2M(B)B — M(t)t 3

o= M p—2M@t 4 (3:.13)

Equation 3.13 shows that using a linear extrapolation to obtain the limits is incorrect
because it predicts that the population of the lowest energy conformer is constant. Therefore,
this study suggests that using that a procedure using linear extrapolation to obtain the limits

of the circular dichrosim is flawed.

3.3.2 Fitting of ECD to determine AH and AS

In this section we attempt to obtain the enthalpy and entropy difference for the two
conformer case without relying on the extrapolation approximation to obtain the CD of

the two conformers. There are multiple methods available for such fitting. For a fit like
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this the excel solver routines would work. Nonetheless, T used a different approach which
is extensible to systems with more conformational degrees of freedom. The CD at any

temperature is given by the Equation 3.14.

AE(Tl) Pl(Tl) PQ(Tl) Pm(Tl) Ael
Ae(Th) PU(Ty) Py(Ty) .. Pu(Tp)| | Ae
Ae(Tg) Pl(Tg) Pg(Tg) Pm(Tg) Aeg

= . . . (3.14)

Ae(Ty) Pi(T,) Po(Th) .. Pu(Th)]| |Aen]

where the left side of the equation is the CD as a function of temperature and the right side
is a matrix of the populations of the inidividual conformers at each temperature multiplied
by the ECD of each conformer at a single wavelength. If the population matrix is known
then there is a best set of the Ae¢; that reproduces the temperature dependence of the ECD.
This of course requires the condition that n > m. The goal is to find the set of AH;, AS;,
and Aeg; that reproduces the spectrum with smallest sum squares error. To optimize the fit
a two stage approach was used that varied AH;, AS; and then used linear regression to find
the data that best reproduced the spectrum. the LAPACK package subroutine DGELS( see
www.netlib.org/lapack/) was used to solve the linear regression problem. This allows for
evaluation at many different wavelengths. For carvone the range depended upon the noise
of the measurement. All wavelengths were included unless precluded by excessive noise.
a simple grid was used to find the optimum values of AH and AS. For a system with
more conformers the code can be adapted to use other optimization approaches. To test the
validity of this approach a simple two conformer ideal system with known parameters was
fit so the values of AH, AS, Aej, and Aes. The results of this ideal fitting are given in
Table 3.2.
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Table 3.2: A comparison of the the exact and fitted values for a two conformer

system

exact fit percent difference
AH  3.450E-02 3.453E-02 -9.28E-002
AS  5.500E-05  5.520E-05 -3.64E-001
Ae;  2.300E+01  2.299E+01 3.11E-002
Aes  -2.100E+01 -2.095E+-01 2.23E-001

Table 3.3: The fits of the experimental data using the fitting approach presented in
Section 3.3.2. The error is reported as the average of the squared difference between
experimental data and the fit.

Solvent AH fit AS fit Error  AH pcm  AS pcem
2-butanone 9.98E-002 -1.00E-004 0.01634
acetone 8.49E-002 -8.42E-005 0.12087 3.71E-002 -4.57E-005
benzene 6.74E-002 -7.50E-005 0.63738 3.65E-002 -3.52E-002
butanal 7.09E-002 -9.09E-006 0.00000
cyclohexane 7.58E-002 -9.09E-006 0.01382 3.38E-002 -1.33E-005
cyclopentanone 1.27E-002 7.88E-005 1.00163
ethanol 1.44E-002 8.98E-005 0.00016 3.66E-002 -4.80E-005
propionitrile  3.50E-002 -8.90E-005 0.01665
valeronitrile 1.50E-002 -9.09E-006 0.81526

3.3.3 ECD of the Equatorial and Axial conformers

The temperature dependence of the ECD combined with accurate calculations of the

enthalpy and entropy difference between the two conformers allows for the extraction of

the ECD of the individual conformers. To avoid error resulting from the ECD switching

order unduly because of experimental error, the maximum difference in temperature was

used to calculate the equatorial and axial contribution.
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In equations 3.15 through 3.18 P.(T) is the population of the equatorial conformer at a
given temperature, P,,(T) is the population of the axial conformer at a given temperature,
CD(T) is the total CD, and Ae.q and A€,y are the equatorial and axial contributions to the
ECD. Equations 3.15 through 3.18 are easily extensible to other spectroscopic techniques
where there are multiple conformers provided you have acquired data with at least n well
separated temperatures. Carvone represents an interesting case when comparing the axial
and equatorial ECD. Because the axial conformer is higher in energy, the spectrum tends
toward the ECD with higher temperature. When examining closely the data from each
experimental run it becomes apparent the the major sign change does not depend upon
the temperature, at least to the precision of the measurements. This is true for the gas
phase experimental data as well(see Figure 2.6). This implies that the major zero crossing
of the axial and equatorial conformers occurs very close to the same position. Using the
relations given in Equations 3.15 through 3.18 the ECD of the axial and equatorial conformer
is calculated. This is done for the ECD as measured in acetone, ethanol, benzene, and
cyclohexane. The equatorial and axial conformers have the opposite sign but the magnitude
of axial ECD is consistently larger than the equatorial ECD. The reason for this is the
changing direction of the transition magnetic dipole moment for the n — 7* with the
change of conformation while the electric transition dipole moment for the same transition

remains relatively unchanged.
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Figure 3.10: Deconvoluted ECD spectrum of carvone in acetone.

The structures used to calculate the ECD were optimized using density functional theory

with the B3LYP functional and aug-cc-pVDZ basis set and the ECD of each conformer
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Figure 3.11: Deconvoluted ECD spectrum of carvone in benzene.

2,000
] —— equatorial[x10]
1500 ] L — axial

1,000

500 4

0

degrees cmg'ml

-500

-1,000

-1,500 1

N S e m— —
300 350 400

wavelength

Figure 3.12: Deconvoluted ECD spectrum of carvone in cyclohexane.

was calculated using time dependent density functional theory with the B3LYP functional
and the aug-cc-pVDZ basis set. The structure used to calculate the ECD is given the
computational methods section of Chapter 2. Comparison between the experimental and
theoretical ECD is complicated by the fact that vibronic effects were not included in the
calculation. Nonetheless, the deconvolution of the ECD allows for easy comparision between
the axial and equatorial ECD and theoretical predictions. For two of the three rotational
isomers of the axial conformer the n — 7* transition of (S)-(-+)-carvone was positive when
calculated B3LYP /aVDZ while the calculated ECD of the equatorial conformer of (S)-(+)-
carvone for the n — 7* was negative for all three cases. Furthermore, the magnitude of the
equatorial ECD was much smaller than the magnitude of the axial conformers which agrees

with the experimentally observed results. The results are already presented in Table 2.13.
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Figure 3.13: Deconvoluted ECD spectrum of carvone in ethanol.

3.4 Results and conclusion

The contribution of the equatorial and axial conformers to the ECD was seperated using high
accuracy G3MP2 calculations of AH, AS with the solvent model coupled with temperature
dependent ECD spectra of carvone’s n — «* transtion. The relationship between the axial
and equatorial conformers was interesting. The magnitude of the ECD of the axial conformer
was much larger than the ECD of the equatorial conformer. Also, the axial and equatorial
conformers have the opposite sign and if the the magnitude difference is ignored the the
spectra are almost mirror images. Ballard et. al also inferred this trend from using sector
rules for «,8 unsaturated ketones although no attempt to quantify the magntitude was
made. The same trend can be seen when examining the lowest energy transition when
calculated with TD-DFT simulations of the ECD in solvents given in Table 2.13. The ECD
of the equatorial and axial conformers of carvone have the opposite sign. The broadening
of the ECD due to vibronic effects is not included in the simulation so the sign changes
over the n — 7 region are not simulated by the ECD. The validity of the experimental
determination of AH and AS between the two conformers, €1, and €3 using an extrapolation
based procedure was found to have some glaring inconsistiencies which limit its applicability.
A two stage optimization where, given a AH and AS, the optimum values of €; and ey are
found. Each iteration considers different values of AH and AS which then are used to
calculate new optimum values of €; and ez with linear regression. The set that minimizes

the sum of the squares difference between the experimental and theoretical result is taken
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as the result. The results of this fitting between experimental and theoretical data are given
in Table 3.3 In general, it is recommended that a computational analysis of the potential
energy surface of labile moieties of the molecule are included particularly when working with
optical activity where enantiomers can have a drastically different circular dichroism. These

should be followed by higher accuracy model chemistries if the molecule is not to large.
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Chapter 4

Negative Ion Properties of
N-paranitrophenylsulfonylalanine and

N-paranitrophenylalanine

4.1 Abstract

(S)- and (R)- chiral molecular complexes of N-paranitrophenylsulfonylalanine (NPNPSA)
and N-paranitrophenylalanine (NPNPA) were synthesized, and their negative ion properties
were experimentally and theoretically studied. The valence anions of both (S)- and (R)-
NPNPSA were studied by negative ion photoelectron spectroscopy. As expected, both of
these chiral molecules share the same valence adiabatic electron affinities, 1.7 £ 0.1 eV, and
vertical detachment energies, 2.3+ 0.1 eV. Calculations for four low lying conformers of (S)-
and (R)- NPNPSA valence anions gave adiabatic electron affinities in the range of 1.6 to 2.1
eV and vertical detachment energies in the range of 2.0 to 2.4 eV, which are substantially
larger than the known AEA of 1.0 eV for the nitrobenzene valence anion.'’* For (S)- and
(R)- NPNPA valence anions, six conformers were identified and predicted to have adiabatic
electron affinities in the range of 0.7 to 1.2 €V and vertical detachment energies in the range of
0.9 to 1.6 eV. Collision induced dissociation energy thresholds for various channels of their

deprotonated anions were measured and from this data, bond dissociation energies were
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estimated employing the CRUNCH program. In addition, the bond dissociation energy for
the deprotonated-NPNPSA /NPNPSA dimer cluster anion was determined to be 0.32+0.08
eV. Dipole-bound anions for both molecules were studied using DF'T methods. These studies
were made in effort to examine the effects of each component in the extended molecule (i.e.,
a molecule-in-molecule, MIM, approach) as within each contains a nitrobenzene and alanine

molecule within the larger molecular complex.

4.2 Introduction

Within the past two decades, new experimental and theoretical methods have been developed
to explore the properties of complex molecules and their ions in the gas phase. The
conformational flexibility and fragility of these extended molecules have required preparation
of these gas phase species at low temperatures. Gentle heating of molecules from a surface
into the gas phase followed by electron attachment in a nozzle jet allows for meaningful
studies of photoelectron spectroscopy (PES) of parent negative ions for the determination
of electron affinities. Likewise, electrospray ionization also allows the preparation of intact
molecular anions, albeit often their deprotonated anions, for study by collision induced
dissociation (CID).

Herein we employ both PES and CID techniques to study the negative ion properties
of two newly synthesized amino acid derivatives. We also examine the influence of
different well characterized moieties on the negative ion properties of the molecule as
a whole by a molecule-in molecule (MIM) approach. In particular, the nitrobenzene
moiety has been linked to (S)- and (R)- alanine either directly to form (S)- and (R)- N-
paranitrophenylalanine (NPNPA) or indirectly via a sulfonyl (SO2) bride to form (S)- and
(R)- N-paranitrophenylsulfonylalanine (NPNPSA). A number of recent theoretical studies
have explored the concept of MIM for the prediction of properties of large molecules.'% The
negative ion properties of the three "components" of these two molecules, nitrobenzene,
sulfur dioxide and alanine have been well studied. The object of this study is to
combine experiment and theory to examine how the molecular properties of these individual
"components" of a large molecule can be correlated to that of the "super" molecule to

better characterize these newly synthesized unnatural amino acids’ negative ion properties.
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Unnatural amino acids have become especially important in many areas of molecular biology
where they act as protein markers.'’® The addition of unnatural amino acids to proteins
has become a routine procedure in molecular biology and a number of review articles have

appeared on this subject. 077109

4.3 Sample Preparation

4.3.1 Preparation of (S)-NPNPSA (2a) and (R)-NPNPSA
(2b)

To synthesize (S)-NPNPSA (2a, see Figure 4.1), a 1 M sodium hydroxide solution (5 ml) was
added to (S)-alanine (1a, 0.21 g, 2.40 mmol) and cooled to 09°8C. 4- nitrobenzenesulfonyl
chloride (0.82 g, 3.61 mmol) was next added in small portions, and the reaction mixture was
stirred at room temperature overnight, followed by rinsing with ethyl acetate (20 ml).The
aqueous layer was then acidified with 1 M hydrochloric acid (10 ml) and extracted with ethyl
acetate (15 ml). The resultant organic layer was dried with magnesium sulfate, filtered, and
concentrated. Column chromatography over silica gel with gradient elution from 5% to
20% methanol/dichloromethane gave the product 2a as a yellow solid (0.29 g, 44%). Its
enantiomer (R)-NPNPSA (2b), was similarly prepared using (R)-alanine (1b, 0.23 g, 2.58
mmol), 1 M sodium hydroxide (7 ml) and 4-nitrobenzenesulfonyl chloride (0.87 g, 3.86
mmol), which yielded 2b as a white solid (0.24 g, 35%). The characterization results [I1H
NMR (300 MHz, DMSO (dimethyl sulfoxide)-d6) & 8.37 (d, J = 7.1 Hz, 2H), 8.04 (d, J = 7.1
Hz, 2H), 3.68 (q, J = 7.1 Hz, 1H), 1.19 (d, J = 7.1 Hz, 3H)| match those reported in the

literature. 1105111

4.3.2 Preparation of (§)-NPNPA (3a) and (R)-NPNPA (3b)

To synthesize (S)-NPNPA (3a, see Figure 4.1), 20 ml of N,N-dimethylformamide (DMF)
was added to (S)-alanine (1a, 0.95 g, 10.7 mmol). Potassium carbonate (2.95 g, 21.3 mmol)
and potassium iodide (1.77 g, 10.7 mmol) were then added to the stirring solution. 4-

Chloronitrobenzene (3.36 g, 21.3 mmol) was next added in small portions, and the reaction
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1a: R' = CH3, R?=H
1b:R'=H, R?=CH;

\ CI—©—N02

Figure 4.1: Diagram of the reaction used to create NPNPA and NPNPSA.

mixture was stirred and refluxed at 120 degC overnight. Next, the solvent was removed via
rotary evaporation. The crude product was then dissolved in 50 ml of water, acidified with 1
M hydrochloric acid (20 ml), and extracted with ethyl acetate (50 ml). The resultant organic
layer was dried with magnesium sulfate, filtered, and concentrated. Column chromatography
over silica gel with gradient elution from 1 to 25% methanol/dichloromethane gave the
product as a yellow solid (1.21 g, 54%). Enantiomer 3b was similarly prepared using (R)-
alanine (1b, 0.88g, 9.90 mmol), 20 ml of DMF, potassium carbonate (2.74 g, 19.8 mmol),
tetrabutylammonium iodide (3.66 g, 9.90 mmol), and 4- chloronitrobenzene (3.12g, 19.8
mmol), which yielded 3b as a yellow solid (0.67 g, 32 %). The characterization results [1H
NMR (300 MHz, CD30D) § 8.02 (d, 2H, J = 9 Hz), 6.60 (d, 2H, J = 9 Hz), 3.96 (q, 1H, J

KoCOs, KI, DMF

2a:R'=CH; R?=H
2b:R"'=H, R?=CH,

QK

N
RZ R NO,

3aR'=CH; R?=H
3b:R'=H R?=CH,

= 9 Hz), 1.48 (d, 3H, J=9 Hz)] match those reported in the literature.''?
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4.4 Experimental Methods

4.4.1 Photoelectron Spectroscopy Technique

Negative ion photoelectron spectroscopy was conducted by crossing a mass-selected beam of
parent negative ions with a fixed-frequency photon beam and energy-analyzing the resultant
photodetached electrons. The photodetachment process is governed by the relationship
h = EBE + EKFE, where h is the photon energy, EBFE is the electron binding energy or
the transition energy needed to take the anion to a particular vibrational state of its neutral
counterpart, and FKFE is the electron kinetic energy. Photodetachment is essentially an
instantaneous process, and therefore the Franck-Condon overlap of the anion and neutral
wave functions is reflected in the vertical detachment energy, which can be estimated as the
maximum FEBE in the photoelectron spectral profile. When there is a good Franck-Condon
overlap between the lowest vibrational level of the anion (v”) and the lowest vibrational level
of its corresponding neutral (v’), the adiabatic electron affinity of the neutral species can
be extracted from the photoelectron spectrum. When the spectral profile is vibrationally
resolved, the low electron binding energy threshold value of the spectrum is equal to the
adiabatic electron affinity value, which corresponds to the v/ = 0 — v’ = 0 transition. In
contrast, the determination of the adiabatic electron affinity is more approximate when the
profile is unresolved. If the anions were to be cold, that is, if only v” = 0 were occupied, then
the electron binding energy threshold value of the spectrum would be equal to the adiabatic
electron affinity value. However, anions are often generated at significant temperatures. In
this case, the first few vibrational levels of the anions will be populated, leading to observed
photoelectron intensities at electron binding energy values less than the adiabatic electron
affinity value due to "hot bands". Lastly, if the structural difference between the anion and
its corresponding neutral is large enough to preclude the significant Franck-Condon overlap
at the v’/ = 0 — v’ = 0 transition, then the adiabatic electron affinity value will lie below the
low electron binding energy threshold value and no photoelectron signal will be detected.
The parent negative ions were formed in a supersonic expansion nozzle-ion source. Each
chiral sample was placed in the stagnation chamber of the source, heated up to 100 —130°C,

and co-expanded with ~ 3 — 4 atm of argon gas through a 15um orifice into ~ 10~* torr
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vacuum. The negative ions were then formed by injecting low energy electrons from a hot
and even more negatively biased, thoriated iridium filament into the expanding jet where
the microplasma was formed in the presence of a weak external magnetic field. These anions
were then extracted, and transported via a series of ion optics through the flight tube of a
90° magnetic sector mass spectrometer with a typical mass resolution of ~ 400. The mass-
selected anions of interest were then crossed with an intracavity run argon ion laser beam,
and the resultant photodetached electrons were energy-analyzed in a hemispherical electron
energy analyzer with a resolution of ~ 30 meV. The photoelectron spectra reported here
were all recorded with 2.54 eV photons and calibrated against the well known photoelectron

spectrum of the O~ . 113

4.4.2 Collision Induced Dissociation Technique

Collision induced dissociation (CID) was performed using an Applied Biosystems Q-star
Elite triple quadrupole mass spectrometer(MS). The deprotonated anions were produced
by an electrospray ionization (TurbolonSpray) source with a flow rate from 5 to 20 mu—zln
The ion spray voltage was optimized empirically for each CID spectrum to give the largest
deprotonated parent anion and the temperature of the source was set to 100° C. Each sample
of (§)-NPNPSA and (S)-NPNPA was prepared at a concentration of 200 pg/ml in a 1:1
mixture of HPLC grade water and methanol. The instrumentation used to perform the CID
experiment is outlined in the paper by Smith et al.''* Briefly, the mass selection and CID
were performed in an initial quadrupole MS and then introduced into the collision region.
The ions resulting from the collision region were then analyzed by a reflectron time-of-flight
MS. Energy points in all of the CID spectra were averaged for thirty seconds. Nitrogen (N2)
was used as the collision gas for (S)-NPNPSA and (S)-NPNPSA/NPNPSA dimer anions
while argon was used for (S)-NPNPA and I3 anions. The lab frame energy was increased
by 1 eV steps from 1 to 26 eV for (S)-NPNPSA anions, 1 to 22 eV for (S)-NPNPA anions,
and 1 eV to 40 eV for the (S)-NPNPSA/NPNPSA dimer anions. All estimations of bond
or cluster dissociation energies are recorded under single collision conditions. This was

determined from the estimated mean free path of the ion at the pressure of 0.035 millitorr

and by varying the collision gas pressure.
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4.4.3 Estimation of Dissociation Energies.
Ototal = Z i (41)

The total cross-sections were calculated using the sums of cross-sections given in Equation
1. In order to analyze the CID data the total integrated ion intensity of the parent and every
product was summed to produce total ion intensity. The intensity of every ion analyzed in

the spectrum was divided by the total number of ions as given in Equation 4.1.

IO(E) = parent(E) + leroducts(E) (42)

The total cross-section as a function of energy was determined using the Beer-Lambert law.
The temperature and pressure were used to calculate the collision gas number density. The

total cross-section was calculated using Equation 3.
I = Ioe_o'total(E)% (4.3)

Once the total cross-section was obtained then the cross-section for each subsequent channel

can be obtained from Equation 4.

o i Ototal
v IO 1 o Ipa[roent

(4.4)

The measured relative cross-sections for dissociation involves a complicated folding of the
true cross-section with the energy distributions of the ion beam and target gas as well as
the internal rotational-vibrational energy distribution of the ion. The CRUNCH program
developed primarily by Armentrout-Erwin and Rodgers''“~'?Y12-17 represents a convenient
method for extracting energy thresholds from such experimental data. In this model, a
functional cross-section was first chosen and CRUNCH has implemented multiple assumed
cross section models. The one adapted for this article is based on the ansatz that energy is
only transferred along the line of centers between two colliding spheres.'?! This leads to a
cross-section of the form given in Equation 5 where Ea is the bond dissociation energy and

E is the energy available for dissociation, including energy from internal sources above the
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zero point energy.
(E — E)"

= (4.5)

o =

The internal energy due to rotational and vibrational contributions was determined
from the density of states which is calculated using a Beyer-Swineheart-Stein-Rabinovich
Algorithm. %123 The collision energy is a statistical quantity resulting from a Maxwell
Boltzmann distribution of collision gas energies and a normal distribution of ion energies.
The convolution of the ion and collision gas energy distributions was carried out using
the method by Lifshitz et al.'?* The pressure and effective path-length used for all cross-
section calculations were 0.035 millitorr and 21 c¢m, respectively. When fitting data with the
CRUNCH program, there are several ways to treat the transition state used to determine
the reaction rate. If an optimized transition state was available from quantum chemistry
simulations then the rotational and vibrational constants obtained from the calculation can
be used to calculate the reaction rate. The indication of an acceptable transition state
comes from the observation of a single negative vibrational frequency in the simulation.
If a transition state geometry was not available then it is possible to make a "tight"
approximation in which the reactant and the transition state are treated as the same,
excluding the one vibrational frequency that is relevant to the dissociation pathway and
the transition state guess. A more detailed account of these approximations can be found in
the review article by Armentrout et al.'?’ All of the collisions were analyzed in the center-
of-mass frame where it was assumed that the ion is stationary in the lab frame, which is
given by Equation 6.

ma

Ec.o.m - Elab( (46)

mi + meo

4.5 Computational Methods

Computational investigations focused on characterizing both valence and dipole-bound
states of the NPNPSA and NPNPA anions. These molecules are too large to use reliable
ab initio methods, which are typically required for accurately predicting electron affinities,
therefore more approximate methods must be used. Regarding valence states, a number

of density functionals were tested first using the nitrobenzene anion, and then used to
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predict the attachment energies of the analogous states of the larger "super" molecules.
As for the dipole-bound states, the situation was even more challenging and for several
anionic conformers we relied entirely on Koopman’s Theorem (KT) and comparing trends.
Three basis sets were employed: Dunning’s correlation consistent double-¢ (Aug-cc-pVDZ)
and triple-C(Aug-cc-pVTZ) sets, and Ahlrichs’s redefined triple-¢ set augmented with a
minimal set of diffuse functions (ma-Def2-TZVP).'?5"'?8 For consistency, all geometry
optimizations of neutral and negatively charged conformers of nitrobenzene, NPNPSA, and
NPNPA were carried out using the same method, that is, the M06-2X hybrid functional26
and the Aug-cc-pVDZ basis set. The performance of different methods for computing
attachment energies was then studied in detail using the 2B1 valence state of nitrobenzene
as a prototype. Regarding ab initio methods, self-consistent field (SCF) calculations,
second-order Moeller-Plesset perturbation theory (MP2), coupled-cluster calculations with
single and double substitutions (CCSD), CCSD with a perturbative estimate of triple
substitutions (CCSD(T)), and an equation-of-motion couple-cluster method for electron
affinities (EOM-CCSD) were used. In the MP2 and all coupled-cluster calculations, the core
electrons were frozen in their SCF orbitals. Moreover, for the open-shell valence state of
the nitrobenzene anion, CCSD(T) calculations were started from unrestricted (UHF) and
restricted (ROHF) SCF wavefunctions of the anion as well as from an anion-like occupation
of the SCF orbitals of the respective neutral (QRHF). In terms of the density functionals, the
generalized-gradient-approximation (GGA) functional BLYP, BP86, PBE, and OLYP, the
meta-GGA functional TPSS, and the hybrid functionals M06-2X, B3LYP, and O3LYP were

used‘62;1297134

Three program packages were employed for the study of both the valence and
dipole bound anions; Gaussian09 " for M06-2X calculations, Orca'®® for all other density
functional and some of the MP2 calculations, and CFOUR'?® for MP2 and all coupled-

cluster calculations.
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Figure 4.2: Photoelectron spectra of (5)- and (R)- NPNPSA anions recorded with
2.54 eV photons.

4.6 Experimental Results and Discussion

4.6.1 PES

The photoelectron spectra of the valence (S)- and (R)- NPNPSA anions are shown in Figure
4.2. As expected, both chiral anions exhibit very similar, if not identical, photoelectron
spectral profiles as was expected. Each photoelectron spectrum of (S)- and (R)- NPNPSA
anions has a maximum electron binding energy (EBE) value at ~ 2.3 eV and a threshold

EBE value at = 1.7 ¢V. Thus, the VDEs of both chiral molecular anions are at2.3+0.1 eV.
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Figure 4.3: (A) Mass spectrum of (5)-NPNPSA-H after CID (B.)Mass Spectrum
of (9)-NPNPA-H after CID.

Based on the location of the threshold and typical patterns of anion photoelectron
spectral profiles, the AEA values of both chiral molecules are assigned as lying in the vicinity
of 1.7£0.1 eV. Due most certainly to the Franck-Condon factors and large degrees of freedom
for this anion, any vibrational structures in both spectra remain unresolved. Much time and
effort was directed toward producing the (S)- and (R)- NPNPA anions and recording their
photoelectron spectra, however, we were unable to produce parent anions of these molecules.
Multiple samples were prepared and many searches with the ion source adjusted for optimum
ion intensities were carried out to no avail. NPNPA has a predicted positive electron affinity
of approximately 1 eV from calculations depending on the conformer. However, it is possible
that the cross section for electron attachment to this molecule is too small to be produced
by slow electron attachment or that the cross section peaks at higher energy. The absence
of the NPNPA anion is either demonstrating some interesting physics at play or we have

missed an important experimental variable.

4.6.2 CID

The secondary ion mass spectra of deprotonated (S)-NPNPSA (referred to as NPNPSA-H)
and (S)-NPNPA (referred to as NPNPA-H) anions following collision induced dissociation
(CID) are shown in Figure ?7.

The various fragments formed during collision with argon or Ny as a function of the
center-of-mass collision energy of NPNPSA-H and NPNPA-H are shown in Figure 4.4 and

Figure 4.5, respectively. The CID data for both anions are very smooth and reproducible.
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Figure 4.4: Collision induced dissociation spectrum obtained for (S)-NPNPSA-H.

Figure 4.5: Collision induced dissociation spectrum obtained for (S)-NPNPA-H.
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Figure 4.6: Collision induced dissociation fragmentation pathways for the NPNPSA-
H anion.

The primary fragments of NPNPSA-H anions (273 amu) upon collisions with Na were
the following: 201 amu, 186 amu, and 138 amu and to a much lesser extent 122 amu. Figure
4.6 illustrates all major fragmentation pathways of NPNPSA-H yielding these fragments.
The 201 amu mass peak was produced from bond breakage between the stereocenter of
alanine and the nitrogen. The 186 amu mass peak was the loss of a doubly deprotonated
alanine. From the 186 amu mass fragment, a smaller 87 amu mass was determined from
B3LYP/Aug-cc-pVDZ optimizations as the result of bond breakage forming acetaldimine
(and COy). "7

The 138 amu mass fragment, requiring a rearrangement reaction, resulted in the
attachment of oxygen to nitrobenzene in place of the sulfur at the para-position, in other
words forming a deprotonated nitrophenol. This was supported by geometry optimizations
of the 138 amu anion and the 135 amu neutral fragment with B3LYP /Aug-cc-pVDZ. There

exists the possibility that the formation of the 138 anion resulted from the attachment of
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NHs at the para-position of the nitrobenzene. Isotopic distribution could not be used to
clarify this further because of alterations caused by the mass filter, but regardless this seems
unlikely considering the structure of the anion. Furthermore, pondering the alternative
where NHy was attached does not satisfy the so called "even electron rule."'?%3% Thus
the rearrangement reaction involving the loss of SOz is not unprecedented. Wang et
al.'""Yobserved a similar rearrangement reaction for a biologically derived sulfonamide 33
agonist, although they reported only the loss of SOs. This differs in the experiments reported
here-in because it is believed that the oxygen was being scavenged from SOs. Lastly, the
122 amu mass peak observed corresponds to a deprotonated nitrobenzene anion at the para-
position. This anion signal was extremely weak for NPNPSA-H but much more prevalent
in the NPNPA-H case to be discussed. The primary fragments of NPNPA-H anions (209
amu) upon collisions with argon were the following: 165 amu, 150 amu, 123 amu, 122 amu,
and ions of lower intensity were 106 amu, 92 amu, and 46. Figure 4.7 illustrates all major
fragmentation pathways of NPNPA-H yielding these fragments. The 165 amu mass resulted
from the loss of CO3. The 150 amu mass peak most likely resulted from the loss of both COq
and NH coupled with a rearrangement reaction where the alanine stereocenter attached to
the para-position of the nitrobenzene. This reaction thus produces an anion which satisfies
the "even electron rule." Competition was observed between the 123 amu and 122 amu mass
fragments. The 123 amu mass peak is a nitrobenzene anion and is therefore a doublet anion.
It was dominated by the 122 amu mass peak even though they follow each other closely at
lower energies and was attributed to the intact nitrobenzene anion. The 106 amu mass peak
is attributed to a deprotonated nitrosobenzene anion formed by oxygen loss from the 122
amu mass fragment. The remaining smaller mass fragments at 92 amu and 46 amu are due to
formation of a deprotonated phenol and N0y ions, respectively. Unfortunately, the 106 amu,
92 amu, and 46 amu mass fragments had extremely low abundance in the CID spectrum of
NPNPA preventing the estimation of bond dissociation energies. It is interesting that the
anions are formed through deprotonation of the carboxylic group, yet the charge was always
found on the delocalized 7 orbitals of the nitrobenzene. The exception was for the very weak
case of the NOy anion, whose delocalized orbitals stabilized the negative ion by reducing the

repulsive columbic interactions. This was evident from the fact that the nitrobenzene unit
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H anion.
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appeared in all the anions that were observed in these experiment, and the fact that the NOq
anion was only observed at very low intensities in the NPNPA spectrum. We cannot rule out
the possibility of the metastable CO2 anion (44 amu) being formed and then decaying before
the fragment can be detected, considering its lifetime is about 22 to 60 usec depending on
its internal energy.'*' The fragmentation pathways of NPNPSA and NPNPA showed some
similarities. The 87 amu fragment with the neutral complement to the 186 amu fragment
in NPNPSA and the 123 amu fragment of NPNPSA occur for both ions. The 87 amu
neutral fragment for both ions was predicted to fragment into CO2 and acetaldimine. It is
interesting to note that both NPNPSA and NPNPA have a bond dissociation energy of 1.26
eV associated with the 123 amu ion and 186 amu ion, the charged counterpart of the 87 amu
neutral fragment. The NPNPSA and NPNPA anions behave as expected if a comparison
to para-nitroaniline (pNA) is made. The pNA anion has a rearrangement reaction followed
by the loss of NO which has been measured by Smith et al. to be 2.25 4 0.07 eV.''* This
is larger than any of the channels of NPNPA by approximately 1 eV. The loss of the NOg
anion from pNA has a measured bond dissociation energy 3.80 £ 0.07 eV. An interesting
study could be performed to measure the NOg2 anion dissociation energy as a function of
the functionalization of the benzene ring. This high level of stability explains why every

negative ion observed included the nitrobenzene moiety.

4.6.3 CID CRUNCH Fitting Results

The laboratory energy scale was calibrated using the known collisional dissociation energy
of the triiodide anion; I3 —I~+I .'*? Although Do et al. employed helium as their collision
gas, the data herein was recorded using argon gas was essentially identical, except for the
magnitude of the estimated cross section. Our value was larger as expected, but the model
used has an adjustable scaling factor, whose differences were scaled out when fitting with
CRUNCH. The dataset collected for I3 , as shown in Figure 4.8, was used to estimate the
ion energy spreads, and the parameters obtained from the data fitting with CRUNCH are
given in Table 4.1.

These thresholds obtained with CRUNCH agree well with the measurement of 1.305 &
0.06 eV given by Do et al. RRKM theory was included in this simulation of the CID using the
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Figure 4.8: The CID of I; —I>+I~ and the corresponding fit made with the crunch
program.

Table 4.1: The parameters obtained for I fitting with Crunch.

D.E.(eV)  x? n
1.33% 0.500 1.98
1.27° 0.505 1.88

a. without RRKM
b. with RRKM

CRUNCH program. The I3 transition state was optimized using the B3LYP functional with
the LANL2DZ and DGDZVP basis sets that includes an effective core potential.**~14° The
frequencies obtained from the LANL2DZ and DGDZVP simulation are listed in Table 4.2
along with the parameters obtained for the transition state structure. The vibrational
frequencies for I3- were taken from Parrett et. al.'*® The NPNPSA-H and NPNPA-H
dissociation energy fittings were a much more challenging endeavor because of the multiple
channels available for their dissociation. Each channel was treated independently, and the
fitting was performed with the cross-section model given in coupled with RRKM transition

state theory. The vibrational frequencies and the rotational constants calculated using the
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Table 4.2: The calculated parameters of the I3 .

LANL2DZ DGDZVP

r1o A 6.88 7.28
ro3 A 3.05 2.88
0 177.86 177.68
1 -11 -8
1) 9 8
3 137 156

.
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Figure 4.9: Estimated cross-section data with corresponding CRUNCH fits of
NPNPA-H fragments produced using parameters listed in Table 4.12

lowest energy conformer of the deprotonated ion and simulated using the B3LYP functional
with Aug-cc-pVDZ basis set. The vibrational frequencies with this functional and basis set
combination were scaled by a factor of 0.9709 as recommended by Sinha et al."*” Attempts
were made at calculating the transition states but finding transition states is often not a
straight forward process. The estimations for the dissociation energy values for each CID
channel of NPNPA-H are listed in Table 4.3 and the corresponding fits in Crunch show good
agreement with experimental results as seen in Figure 4.9.

For all dissociation pathways, a tight transition state was taken as an approximation to
the real transition state. The same was repeated for each CID channel of NPNPSA-H. The
dissociation energy values are listed in Table 4.4 and the CID reaction products data and
corresponding CRUNCH fittings are shown in Figure 4.10. The fitting process was more
challenging for this molecule, particularly for the channels with masses corresponding to 201

amu and 122 amu.
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Table 4.3: The estimated bond dissociation required to produce the listed anion
fragment from [NPNPA-H].

Mass D.E.(eV) n o

165 1.03+£0.1 0.5 1.55
150 1.15+£0.1 0.5 1.55
123 1.262£0.1 0.5 0.65
122 1.16+0.1 1.56 1.156

o 122 o 138 .
—— 122 CRUNCH Fit 4| — 188 CRUNCH fit
10|

f t T T
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C.O.M energy (eV) C.OM energy (eV)
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Figure 4.10: Estimated cross-section data with corresponding CRUNCH fits of
NPNPSA-H fragments produced using parameters listed in Table 4.4

As a result of their small intensities the uncertainties tended to be larger for these
data sets and the error estimations reflect this fact. For the NPNPSA/NPNPSA-H cluster
anion, the geometry was first optimized with molecular mechanics followed by optimization
using the B3LYP functional with 6-314+G(d) basis set. Because of the large cluster size and
number of potential conformers, a full analysis would require copious amounts of time to
calculate frequencies and optimize for all possible structures. Our prediction is that the
neutral and the deprotonated anion attach to each other via hydrogen bonding between
the deprotonated carboxylic end of the ion and hydrogen attached to the carboxylic moiety
in the neutral. This cluster fragmented even when the collision energy was well below the
binding energy of the cluster determined from the CID fitting. In fact, at low energy there
was a decrease in fragmentation with increased collision energy.

I determined the cluster anion undergoes auto-detachment which combined with shorter
flight times and the reaction rate of the auto-dissociation, produces a decrease in the relative

product ion intensity as the collision energy increases. The CID spectrum in Figure ?? shows
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Figure 4.11: The CID spectrum of the cluster of [NPNPSA-+NPNPSA-H| which
yields NPNPSA-H.

)



Table 4.4: The estimated bond dissociation required to produce the listed anion
fragment from [NPNPSA-H] ion and the cluster.

Mass D.E. (eV) n o

201 1.17£0.21 041 0.928
186  1.26+0.1 0.156 13.59
138 1.30+0.1 0.259 4.559
122 1.53+£0.21 1.094 126

273 0.32+=0.08 2.74 7.32

a.)Results obtained for the cluster.

this for energies between 0 and 1.4 eV. Still, we were able to fit the data with CRUNCH and
find an estimate of the bond dissociation for this cluster. The results of this fit are shown

in Figure 4.12.

4.7 Computational Results and Discussion

DFT simulations were used to assist in the CID analysis, particularly in determining the
stable structures of the fragments as well as the minimum structure of the deprotonated
anions and determining the vibrational frequencies and rotational constants used to calculate
reaction rates. The optimized structure and frequencies of NPNPA and NPNPSA and
their fragments were calculated using B3LYP /Aug-cc-pVDZ. Frequencies were included to
account for the zero-point vibrational energy. The DFT calculations predicted the loss of
a COg from the 87 amu fragment of NPNPSA, and the 86 amu, and 87 amu fragment of
NPNPA. Two of the fragmentation pathways of NPNPSA have a negative AG and AH
calculated at 300K, implying that the fragments are more stable than the deprotonated
ion. The AG and AH resulting from these calculations are shown in Table 4.6 and Table
4.5. The pathways accounting for each mass fragment in the CID spectra of NPNPA and
NPNPSA are shown in Figure 4.7 and Figure 4.6.
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Figure 4.12: The CID spectrum of the cluster of [NPNPSA-+NPNPSA-H| which
yields NPNPSA-H.

Table 4.5: Calculated Changes in Gibbs Free Energy (AG) and Enthalpy (AH) of
NPNPSA-H with B3LYP /Aug-cc-pVDZ, Including Vibrational Corrections

Products AG (eV) AH (eV)
273 — 201472 1.52 2.05
273 — 186 + 44 + 43 -0.53 -1.57
273 = 138 + 135 -1.06 -0.54
273 — 122 4151 3.2 3.73

4.7.1 DFT performance for the valence state of nitrobenzene

The first focus was the valence state, that is, the 2B1 state of nitrobenzene. Nitrobenzene
is a useful reference system, because both NPNPSA and NPNPA have analogous states
that form the same type of anions with the excess electron being localized essentially
on the nitrobenzene moiety. Also, the experimental AEA of nitrobenzene is well known
from experiment (1.00 eV'%*). For validation purposes, the AEA value without zero-point
corrections is more useful, even though the experimental result of reference 1 includes zero-

point effects. To obtain an "experimental" value without zero-point effects, the zero-point
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Table 4.6: Calculated Changes in Gibbs Free Energy (AG) and Enthalpy (AH) of
NPNPA-H with B3LYP/Aug-cc-pVDZ, Including Vibrational Corrections

Products AG (eV) AH (eV)
209 — 165 + 44 1.43 1.92
209 — 150 + 59 4.21 4.92
209 — 123 442 444 1.53 2.58
209 — 122443+ 44 1.95 2.97

correction of the AEA of nitrobenzene was computed using three density functionals, M06-
2X, B3LYP, and TPSS, with the Aug-cc-pVDZ basis set. The three functionals agreed
with each other reasonably well and yielded corrections of 84, 71, and 73 meV, respectively.
Therefore, the "experimental" value for the uncorrected AEA should be close to 0.92 eV. The
first set of methods considered was the standard sequence of ab initio methods: SCF, MP2
and coupled-cluster based methods (see Table 4.7). Unfortunately, the UHF wave function
for the anion showed a large spin-contamination, so that neither ASCF nor AMP2 are
expected to yield useful results, which was indeed the case. Coupled cluster calculations are
known to be able to recover from spin contamination in the reference wavefunction. Thus,
UHF-based CCSD(T) calculations yielded results much more reasonable than UHF or UHF-
based MP2. Yet, CCSD(T) calculations started from a ROHF reference (ROHF-CCSD(T)),
or from a reference constructed using the orbitals of the neutral (QRHF-CCSD(T)) yielded
virtually identical results, which were quite a bit higher than the UHF based coupled-cluster
results (=70 meV). This suggests that in this case, recovery from spin-contamination was
not complete. Another test was a direct computation of the electron affinity with the EOM-
CCSD method, which resulted in close agreement with ROHF-based ACCSD(T). Regarding
basis sets effects, the coupled cluster values followed the usual trend that the experimental
value was approached from below as the basis set quality increases. This behavior reflects
that there is more electron correlation in the anion than there is in the neutral, and better
basis sets will yield a larger energy difference. With the Aug-cc- pVDZ basis set, the result
was about 0.1 eV too low; with the Aug-cc-pVTZ set, this result was less than 50 meV
too low. Therefore, the CCSD(T) calculations clearly converge to the experimental value

of 0.92 eV in a systematic manner. Based on this finding for the AEA, the ROHF-based
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Table 4.7: DFT Calculations for the EBEs (in meV) of the Valence State of
Nitrobenzene

Aug-pVDZ Aug-pVTZ
VAE VDE AEA VAE VDE AEA
SCF 0.31 1.33
MP2 -0.81 -0.25
UHF-CCSD 0.33 1.08 1.21
UHF-CCSD(T) 0.26 0.92 0.77 1.05 0.81

ROHF-CCSD(T) 0.31 0.98 0.83 045 1.12 0.88
ORHF-CCSD(T) 031 0.98 0.83
EOM-CCSD  0.25 095 0.79 042 1.12 0.88

MO06-2x 0.7 1.44 1.08 0.78 1.53 1.12
B3LYP 0.69 133 1.12 0.71 1.35 1.08
O3LYP 0.73 134 1.05 0.75 136 1.03
BLYP 065 1.2 1.15 0.63 1.19 1.08
BP86 084 14 130 0.83 1.39 1.23
PBE 076 131 119 0.75 1.30 1.13
OLYP 0.57 1.13 097 057 1.12 0.92
TPSS 0.66 1.23 1.12 0.65 1.23 1.06

CCSD(T) and EOM-CCSD values for the VDE and VEA were also expected to represent
good guidelines for the validation of density functional methods. Eight different density
functionals (i.e., the M06-2X, B3LYP, and O3LYP hybrid functionals, the less expensive
meta-GGA functional TPSS, and the GGA functionals BLYP, BP86, PBE, and OLYP)
were used to compute the VEA, VDE, and AEA of nitrobenzene as shown in Table 4.7.
Considering the AEA, all functionals systematically over-bind the electron including the
most advanced functional used, M06-2X, performing the worst in regards to predicting the
respective detachment and attachment energies. All density functional methods shown, even
the Aug-cc-pVTZ set, approached the experimental value from above as the basis set was
expanded, and most did over-bind the electron by more than 0.1 eV. The exception was
the OLYP GGA, which yielded an AEA in perfect agreement with the experimental AEA
when using the Aug-cc-pV'TZ basis set. However, the situation was worse in calculating the
VDE and even moreso for the VAE. The formally more reliable hybrid functionals tended
to over-bind the electron by 0.3 eV or more, while the GGAs did not show a clear trend.
Particularly, the OLYP and to some extent the BLYP and TPSS functionals, performed
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significantly better than the hybrid functionals, a trend that has been noticed before.36
However, even these three functionals significantly overestimated the VAE of the 2B1 state.
Because the density functional results tended to be less dependent on diffuse functions than
the ab initio methods,'*® particularly for GGAs, an alternative triple-zeta basis set with
only minimal augmentation was investigated. Indeed using the ma-Def2-TZVP set yielded
results in very close agreement with the Aug-cc-pV'TZ results for both the OLYP and TPSS
functional. In conclusion, for systems larger than nitrobenzene, CCSD(T) or EOM-CCSD
are not practical even with the comparatively modest Aug-cc-pVDZ set, and owing to the
spin-contamination in the SCF calculation for the anion, MP2 is not an alternative either.
Regarding the geometry optimizations, hybrid functionals such as B3LYP, or better M06-2X,
are expected to be the best tradeoff between reliability and computational cost. However, our
results show that these functionals are not the best choice for predicting electron attachment
energies, but that the OLYP GGA functional, and to some extend the TPSS and BLYP
functionals, yield results in better agreement with CCSD(T) and the experimental values.
Based on our results, one may expect that for systems similar to nitrobenzene, their AEAs
will be well reproduced by these GGAs if triple-¢ basis sets are employed, while VDEs and

VEASs are expected to be overestimated by a few tenths on an eV.

4.7.2 Dipole-bound state of nitrobenzene as a reference

Computing attachment energies associated with dipole-bound states is far more challenging
than those with valence states. Large sets of additional diffuse functions are needed, and
saturating the basis set in this respect is crucially important. Secondly, DFT methods
cannot be used in the same straightforward way as for valence bound states. On the
one hand, dipole-bound states are very diffuse, and therefore the long-range part of the
functional must be free of electron self-interaction, so that the asymptotic electron-molecule
interaction is correct. This is a principle problem, and uncorrected functionals such as
B3LYP will give infinite binding energies in the complete basis set limit. However, there
is the practical problem of choosing a suitable integration grid if the basis set contains
Gaussian functions with very small exponents. In fact, in many programs, it becomes

practically impossible to reach convergence for the Kohn-Sham iterations if three or four sets
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Table 4.8: Calculations for the VEAs (in meV) of the Dipole-Bound State of
Nitrobenzene

Aug-cc-pVDZ+6s6p5d  Aug-cc-pVTZ+6s6p5d

KT 6.4 6.3
SCF 7.1
MP?2 8.9
CCSD 16.6
CCSD(T) 15.6
EOM-MP2 29.9

EOM-CCSD 23.5 24.6

of progressively more diffuse functions are added to the basis set. Third, the attachment
energies of dipole-bound states are very sensitive to long-range electron correlations effects,
and reliable results often require CCSD(T) calculations with large basis sets. Nitrobenzene
is to some extent a typical case. The VEA of the dipole-bound state nitrobenzene is small
(i.e., in the order of 15 meV), and the Koopmans’s Theorem approximation as well as ASCF
and AMP2 significantly underestimate it (see Table 4.8). The often reliable direct methods,
EOM-MP2 and EOM-CCSD, overestimated the VEA while AMP2 underestimated, making
nitrobenzene a particular challenging case. For larger systems such as NPNPSA or NPNPA|
computing VEAs with CCSD(T) and triple-C basis sets is clearly out of question. The best

approach to use was KT and AMP2, and comparing these values to nitrobenzene for trends.

4.7.3 Results for dipole-bound and valence states of NPNPSA

NPNPSA has conformational flexibility around the single bonds of the alanine side-chain,
the N-S bond and the C-S bond, and one may expect several conformers with significant
populations at room temperature. A manual conformer search yielded four minimal energy
configurations, which mainly differ in the orientation of the carboxyl group with respect
to the rest of the molecule. We are confident that these four conformers represent all low-
energy classes of conformers of neutral NPNPSA | as shown in Figure 5.2. Conformer 1 has an
internal hydrogen bond between the acidic proton and the N atom; conformer 2 represents a
"stretched-out" structure without an internal hydrogen bond; and conformers 3 and 4 show

internal H-OS hydrogen bonds. Regarding the neutral molecule, the stretched conformer
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Table 4.9: Relative Energies of Neutral NPNPSA Conformers 1, 2, 3, and 4 Using
M06-2X /Aug-cc-pVDZ Method to Locate Minimal-Energy Structures

Conformer (Neutral) MO06-2X Energy (kJ/mol) MP2 Energy (kJ/mol)

1 21.6 19.8
2 0 0

3 13.1 13.2
4 9.3 9.1

Table 4.10: Relative Energies of NPNPSA Anion Conformers 17, 27, 37, and 4~
Using M06-2X/Aug-cc-pVDZ Method to Locate Minimal-Energy Structures

Conformer (Anion) MO06-2X Energy (kJ/mol)

1~ 21.6
2- 29.5
3~ 4.5
4~ 0

2 was the most stable. Conformers 3 and 4 were about 10 kJ/mol higher in energy, and
conformer 1 was about 20 kJ/mol higher in energy (see Table 4.9). The predicted energetic
order was independent of whether M06-2X or MP2 energies are compared, and in fact, both
methods yielded very similar relative energies. All conformers attached an electron into
valence states similar to the 2B1 state of nitrobenzene without any drastic change to the
minimal-energy configurations. However, the energetic order changed dramatically upon
anion formation (see Table 4.10 ).

For the valence anions conformers 3~ and 4~ (see Figure 4.13), which show a C-H-S
hydrogen bond, were the most stable. Conformer 17 is 20 kJ/mol higher in energy, and the
anion formed from conformer 2, the most stable neutral conformer is almost 30 kJ/mol less
stable than conformer 47. Clearly, the intramolecular hydrogen bonds help to stabilize the
negative charge, and a hydrogen bond to the oxygen atoms of the sulfonyl group helps even
more than a hydrogen bond to the N atom of alanine.

This is in contrast to NPNPA | in which we did not find any anion conformation with the
acid hydrogen pointing towards the nitrobenzene ring (see discussion below); the sulfonyl
group appears to prevent this type of anion conformation from forming. Following the

calibrations with nitrobenzene, the adiabatic electron detachment energies of the four anion
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Conformer 3- Conformer 4

Figure 4.13: Four low-energy classes of the valence anion NPNPSA conformers.

conformers of NPNPSA were computed using OLYP /ma-Def2-TZVP energy differences at
the M06-2X/Aug-cc-pVDZ minimal-energy geometries. The energy differences between
related conformers of the neutral and the anion, that is, the energy difference between
a conformer of the anion and the neutral conformer closest in nuclear coordinate space
are displayed in Table 4.10. Adiabatic electron loss is considered to occur with small
adjustments of the geometry, but not with substantial changes of conformation. This is
the AEA relevant for interpreting photoelectron spectra, because only detachment to the
nearest conformer is expected to have favorable Franck-Condon factors. The true AEA is the
energy difference between neutral conformer 2 (the most stable neutral NPNPSA conformer)
and anion conformer 4~ (the most stable NPNPSA- anion), and is 1.87 eV. All conformers
with intramolecular hydrogen bonds show similar AEAs and VDEs, with the AEAs being
somewhat above 2.0 eV and VDEs falling into the 2.3 to 2.4 eV range. All values listed are
not corrected for zero-point effects, but similar to nitrobenzene, zero-point corrections are
in the order of 0.1 V. The corresponding values for conformer 27 are somewhat lower in
line with the missing hydrogen bond stabilization of the negative charge. Assuming that the
anion population in the experiment consists essentially of conformers 3 and 4, and taking

into account zero-point corrections somewhat above 0.1 eV, the calculations predict an AEA
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in the order of 1.9 €V and a VDE of 2.3 eV. We note that the AEAs have also been computed
from the M06-2X energies, and similar to nitrobenzene, the results are roughly 0.2 eV higher
than the OLYP AEAs. Regarding dipole-bound states, most conformers of the NPNPSA
anion unfortunately require methods that we cannot apply due to its size. The reason is
that at the geometry of the neutral for all conformers with intramolecular hydrogen bonds,
the dipole-bound state is very close to the valence state, and the two states are found to be
heavily mixed with each other. Unraveling the two states requires: a reliable direct method,
such as EOM-CCSD, to describe both the dipole-bound and the valence state in a balanced
manner and compute both states even at geometries where they mix strongly, and one needs
to follow the two states to geometries where they are well separated, so that diabatic states
can be constructed. Only the valence state of conformer 2 appears to be sufficiently high in
energy so that the dipole-bound state can be clearly identified. Conformer 2 has a dipole
moment of 4.5 D (M06-2X/Aug-cc-pVDZ), and the VEA is predicted to be 8.1, 9.4 and
19.9 meV at the KT, ASCF, and AMP2 levels of theory, in which the Aug-cc-pVDZ set
augmented with the 6s6p5d set has been used. The AMP2 result is about twice the VEA
predicted for nitrobenzene with the same method. Again, using nitrobenzene as a guide,

one may expect conformer 2 to have a dipole- bound state with an EBE of about 30 meV.

4.7.4 Results for dipole-bound and valence states of NPNPA

NPNPA has conformational flexibility around the single bonds of the alanine side-chain,
and one may expect several neutral NPNPA conformers with significant populations at
room temperature. A manual search yielded six minima, and we are confident that these
six conformers represent all low-energy classes of conformers of the neutral (see Figure 5.1).
Conformer 1 has a stretched out alanine unit and shows no internal hydrogen bond as a
neutral or as a valence anion. Conformers 4 and 5 show no internal H-bond as neutrals,
but in the anion, the OH bond of the acid group points towards the phenyl ring where the
excess electron is largely localized. Conformers 2, 3, and 6 have internal H-bonds with the
OH bond of the acid group pointing towards the amine N atom. Relative energies of the

neutral conformers at their M06-2X/Aug-cc-pVDZ geometries are compared in Table 12.
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Table 4.11: Relative Energies of NPNPSA Anion Conformers 17, 27, 37, and 4~
Using M06-2X/Aug-cc-pVDZ Method to Locate Minimal-Energy Structures

Conformer (Neutral) MO06-2X Energy (kJ/mol) MP2 Energy (kJ/mol)

S O i W N~

0
36.9
10.9
28.5
41.3
16.8

0
30.6
2.7
22
36.6
9

Table 4.12: Relative Energies of NPNPSA Anion Conformers 17, 27, 37,47,57 ,and
6~ Using M06-2X/Aug-cc-pVDZ Method to Locate Minimal-Energy Structures

Conformer (Anion)

MO06-2X Energy (kJ/mol)

1-
o
-
1
b
.

28.1
6.3
0
13.3
32.7
6.6
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Figure 4.14: Six low-energy classes of the valence anion NPNPA conformers.

The DFT and MP2 trends are similar; however, using MP2, the energy differences
between the different conformers are smaller. The stretched conformer 1 is the most stable,
yet at room temperature one may expect significant populations of conformers 3 and 6 as
well. Similar to NPNPSA, attaching an excess electron to a valence orbital of NPNPA
changes the energetic ordering of the conformers. For the anions, those conformers (see
Figure 4.14) with the OH bond pointing at the phenyl ring (conformers 2-, 3-, and 6-
) are significantly more stable than the other anionic conformers (see Table 4.11). This
reflects the stabilization of the excess electron, which is largely localized on the phenyl
ring and the nitro group, by the OH bond dipole. Thus, at least three conformers of the
NPNPA anion significantly contribute to an equilibrium population at room temperature.
The AEA of the different anionic conformers are listed in Table 4.10, and are associated with
a specific conformer pair, that is, the energy difference between a conformer of the anion

and its closest neutral conformer in nuclear coordinate space. This is the AEA relevant
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Table 4.13: Dipole Moments(Debye) and Vertical Attachment energies( meV ) of
the Dipole-Bound States of the Neutral NPNPA Conformers Optimized at the MO06-
2X /Aug-cc-pVDZ Geometries and Further Augmented Using the Aug-cc-pVDZ +
6s6pds Set.

Conformer Dip. Mom. (D) KT-VEA SCF-VEA MP2-VEA

1 7.6 20 22.6 36.5
2 2.9 2 2.4 11.2
3 7 54.2 67.3 106.6
4 8.5 08.6 70.4 111.5
3 8.5 58.7 68.6 103.1
6 6.9 65 84.4 141.3

for interpreting the NPNPA photoelectron spectrum if one was obtained, because one may
expect appreciable Franck-Condon factors only for transitions to the nearest conformer of
the neutral. This AEA is 1.08 eV and represents the energy difference between neutral
conformer 1 and anion conformer 37. Apart from conformer 17, the AEAs and VDEs show
the same order of magnitude with AEAs between 1.05 and 1.25 eV, and VDEs between 1.4
and 1.7 eV. The values listed in the table have not been corrected for zero-point effects,
but similar to nitrobenzene, zero-point corrections are on the order of 0.1 eV. According to
their relative energies, conformers 27, 37, and 6~ should have significant abundance in an
experimental populations, and because these three conformers have significantly differing
AFEAs and VDEs, therefore substantial inhomogeneous broadening may be expected for the
photoelectron spectra of NPNPA. The predicted range for the VDE is 1.3 to 1.4 €V, and for
the AEA it is 0.9 to 1.1 eV.

Lastly, the dipole moments and the VEAs associated with dipole-bound states have been
computed at the M06-2X geometries of the different conformers. Koopmans’s Theorem, the
SCF, and the MP2 methods were used with the Aug-cc-pVDZ set further augmented with a
6s6p5s set centered at the center of mass of the molecule as described above (see Table 4.13).
In a previous study of nitrobenzene anions both dipole and valence anions were reported but
the dipole bound anion once formed spends most of its time in the valence anion (i.e., on the
N0 end of the molecular anion).'** Apart from conformer 2, all conformers show substantial
dipole moments in excess of 6 D, and the associated VEAs are substantially larger than that

of nitrobenzene. All values follow the usual trend that KT and SCF yield considerably
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lower VDEs than MP2. Provided that the results for nitrobenzene can serve as guidance,
the experimental value can be expected to be about 50% larger than the listed MP2 results.
There are some interesting differences between conformer 1 and conformers 3, 4, 5, and 6 in
the sense that despite similar, fairly large dipole moments, the predicted VEAs differ by as
much as a factor of 3. These differences can be explained by different interactions between
local bond-moments and excluded volume effects. As an example, consider the dipole-bound

orbitals in Figure 4.15.

)

Conformer3

oo

Conformer1

Figure 4.15: Dipole-bound orbitals of NPNPA Conformers 1 and 3. The iso-surfaces
shown enclose 75% of the electron density, which corresponds to iso-contour values of
0.0010 and 0.0022, respectively. The associated electron binding energies are listed
in Table 4.13.
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The essential local dipole-moments stem from the N0y and from the carbonyl group,
and the phenyl ring creating an excluded volume, that is, a region where the attractive
potential due to the N0z group is strong, but the electron can nevertheless not be owing to
Pauli repulsion with the valence electrons. The relative orientation of these three groups is
such that the excess electron can be closer to both local dipoles in conformer 37, which is

reflected in a larger EBE and a more compact distribution of the excess electron.

4.8 Conclusion

The negative ion properties of two extended molecular structures, N-paranitrophenylsulfony-
lalanine (NPNPSA) and N-paranitrophenylalanine (NPNPA) were examined both experi-
mentally and theoretically. The calculated electron affinity was in good agreement with the
measured valence adiabatic electron affinity of 1.7 4+ 0.1 eV for NPNPSA. This value is almost
twice that for nitrobenzene showing the effect of the extended system. The experimental and
theoretical agreement for (S)- and (R)- NPNPSA as well as that of nitrobenzene provides
confidence for at least the predicted electron affinity of the NPNPA conformers. Also, the
vertical detachment energy of NPNPSA negative ion was measured to be approximately 2.3
pm 0.1 eV which compares quite well with the calculated VDE of 2.32 eV. The predicted
dipole moments of NPNPSA and NPNPA for the most dominant conformers were 4.5 D and
7.6 D, respectively, and the dipole bound electron affinities are predicted in the range of 8.8
to 19.9 meV for NPNPSA and 20 to 36.5 meV for NPNPA (see Table 12). In our previous
study of nitrobenzene anions'** both dipole and valence anions were reported. However, it is
argued from the data that the dipole bound state represented a "doorway state" to the more
stable valence anion. Once formed, the anion spends most of its time in the valence anion
localized on the NO2 end of the molecular anion. This is very likely the situation for the polar
molecules studied here. The bond dissociation energies for NPNPSA-H, NPNPA-H, and a
cluster formed by a deprotonated NPNPSA with a neutral NPNPSA were determined using
a CID experiment coupled with the fitting program CRUNCH resulting primarily from the
work of Armentrout, Erwin, and Rogers.''77120:1241497 =151 The energy scale and ion beam
energy distribution was determined using the previous results for the I3 anion of Do et.

al.'*? The dissociation parameters were estimated with the inclusion of RRKM theory for
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NPNPSA-H and NPNPA-H. Every ion channel, excluding the very weak channels of the
NO2 anion and a nitrosobenzene ion lacking hydrogen at the para-position, contained the
nitrobenzene moiety even though the anions were created via a deprotonation of a carboxylic
acid. This is due to the stabilizing effect of the delocalization of the excess electron on the

7 orbitals of the nitrobenzene molecule.
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Chapter 5

Experimental and Computational
Study of the ORD and ECD of

N-paranitrophenylsulfonylalanine and

N-paranitrophenylalanine

5.1 introduction

In Chapter 4 a study of the negative ion properties of the newly synthesized molecules
N-paranitrophenylsulfonylalanine and N-paranitrophenylalanine was presented. In this
chapter, the UV /Vis, circular dichroism, and optical rotatory dispersion of both molecules
are experimentally obtained and then compared to calculated spectra with the goal of
establishing the absolute configuration. These molecules, shown in Figures 5.1 and 5.2, are
molecules that have the chiral center in the so called "third sphere".'%? This means that the
chiral center is not part of the cyclic structure of the nitrobenzene chromophore(1st sphere)

* The nitrobenzene

or directly connected to the nitrobenzene chromophore(2nd sphere).
chromophore in both molecules is for all intensive purposes planar with the alanine moiety

acting as a source of the chiral perturbation. ORD represents a relatively straight forward

*for further explanation see Berova et al.
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(b) conformer 2. (c) conformer 3.

(d) conformer 4. (e) conformer 5. (f) conformer 6.

Figure 5.1: The conformers of R-NPNPA.

chiro optical property that has had limited utility for for determining of the absolute
configuration of chiral molecules. Before the development of modern computers the optical
rotation was used in a limited capacity to determine the absolute configuration using
empirical rules. A thorough account of these methods can be found in the cited articles
by Polavarapu et. al.'®'53 The combination of increased computational speed and advances
in computational chemistry now allow the calculation of ORD for of small and medium
sized molecules with great ease for some cases.'”! However in some cases the calculated
ORD disagrees with the sign of the data determined by experiment (see Chapter 2). A
comparison of the sign of theoretical and experimental ECD and ORD is seen as the litmus
test for the accuracy of the chosen computational approach. A sign disagreement can be
the result of several possible factors. In most cases the optical rotation measurements are
recorded in solution or as a neat liquid. The choice of solvent effects may alter the magnitude
of an optical rotation measurement and even change the sign of the optical rotation.'??
Furthermore, the concentration of the solute has an effect that is usually ignored when
making measurements but it can be large enough to produce a sign change in the ORD but
this a rare condition and I know of only one example which is given in the cited reference.®*

This is the result of solute-solute interactions or the lack thereof which is a function of the

concentration. Additionally, the solvent can form a transient "structure" around the chiral
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(b) conformer 2.

Y
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(c¢) conformer 3. (d) conformer 4.

Figure 5.2: The conformers of S-NPNPSA.

molecule which can have an ORD commensurate with the ORD of the sample in solution. '%°
This sort of effect could not be modeled with something like a polarizable continiuum model.
To accurately simulate such effects explicit solvent models need to be utilized.'”® It would
be interesting if a polarizable continiuum model could be developed that could model an
induced chirality. In addition to solvent effects, the conformational flexibility of a molecule
requires that all conformers be identified in order to calculate a Boltzmann weighted optical
rotatory dispersion curve. In some cases, like carvone, this is particularly important because
the conformers act like pseudoenantiomers which is to say that the two conformers have
oppositely signed ECD or ORD.'"? Use of DFT and frequency calculations to determine
the population is sometimes insufficient, especially when the predicted sign varies among
conformers. This was shown recently to be true in the case of the molecule carvone where
more accurate model chemistries, like G3, G3MP2, and G3MP2B3 for example, had to
be applied to calculate the ORD of carvone in Chapter 2. On top of traditional solvent
effects i.e. the alterations of the solute caused by the solvent, you can have induced chirality
in the solvent molecule as well as chiral solvent structures that form around the solute
causing a substantial optical rotation on the order of the optical rotation of the solute. To
further complicate the issue, calculations performed at the equilibrium geometry often do

not produce the correct sign because of neglected vibrational corrections. For example, the
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molecules S-propelyne oxide and carvone required the inclusion of vibrational corrections
to calculate an accurate ORD.*0#%47156 With all these complications, calculations of an
accurate optical rotations has proved to be a formidable challenge. Nonetheless, even with
all the challenges listed above, there have been some successes in determining absolute
configurations using the methods used herein. '%1%1°75198 Electronic circular dichroism
can, in principle, also be used to determine the absolute configuration(AC). Before the
introduction of computational methods capable of calculating ECD other methods such
as empirical rules, exciton coupling, or semiclassical methods were used to determine the
AC. 8152159 Now methods such as EOM-CCSD and TD-DFT others allow for the calculation
of the excited states energy and as well as rotational and oscillator strengths for transitions
from the ground state. Generally these are done without considering nuclear motion
although there have been some studies of the effect of nuclear motion on an electronic
circular dichroism.”® Bringmann et. al gives recommendation on how to determine the
absolute configuration using the electronic circular dichroism. %"

Since the majority of electronic circular dichroism and optical rotatory dispersion
calculations are measured in solution it is important to consider the effects of the solvent.
There are several approaches available ranging from Onsager type reaction fields to explicit
solvent models( see the introduction of Chapter 22 for further discussion). In this chapter
a polarization continiuum model is used to approximate the effects of solvents. Since the
approach used in this chapter is similar to those given in 2.1 the key difference between the
two approaches will be discussed. There is one key difference between the solvent model used
for carvone and the one used for NPNPA and NPNPSA. Both NPNPA and NPNPSA have
acidic hydrogens. These acidic hydrogens require a solvent exclusion sphere that is centered
around them because of their partial charge which results from them being attached to an

electronegative atom.”®

5.2 Experimental Optical Rotatory Dispersion

The Optical Rotatory Dispersion curves were measured at 22° to 25° C using a 10 cm path
length at 589 nm, 578 nm, 546 nm, and 436 nm with a Perkin Elmer model 241 polarimeter.

Measurements were performed in reagent grade methanol with a concentration of 3.6 x 1072
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g/ml and 6.82x1072 g/ml for S-(-)-NPNPA and S-(+)-NPNPSA, respectively. For S-(-)-
NPNPA, the ORD below could not be measured below 546 nm because the of the strong
absorption of then n — 7* transition( see Figure 5.5). These samples were filtered prior
to measurement with 0.45 micron filter to remove potential contaminants like dust which
can greatly affect optical measurements. Samples used for this study come from the same
batch employed in the study on negative ion properties of NPNPA and NPNPSA. Absolute
configuration and purity(estimated at >98%) of the samples is established by the synthesis
procedure which gets it chirality from the alanine moiety. The ORD curves for S-NPNPSA
and S-NPNPA are given in Figures 5.9 and 5.10. The quoted error in the rotation angle for
this instrument is +0.006 degrees. Measurements from the instrument typically fluctuated

by £0.002 degrees.

5.3 Experimental ECD

The CD spectra of NPNPA and NPNPSA were recorded using a 1 mm cuvette with an
Aviv Biomedical model 202 CD spectrometer. A 1 cm path-length cell was used for alanine
because of the limited solubility of alanine in methanol. All solutions were prepared with
HPLC grade methanol. For each scan, three spectra were recorded and averaged. Each
datum was acquired with three seconds of averaging and monochromator bandwidth of 1 nm.
These spectra were then averaged. The synthesis of NPNPSA and NPNPA is summarized
below. The R and S-alanine sample had quoted purities of 98% and 99%, respectively. The
concentration S-alanine samples were 6.73 x 1073 and 1.73 x 10~3 M, respectively. Unlike
alanine, NPNPSA and NPNPA are readily soluble in methanol. The R- and S- NPNPSA
samples used for measuring the CD had a concentration of 4.30 x 1073 and 5.30 x 1073.
To complete the CD of R-NPNPA, a concentration of 3.62 x 1072M was used to measure
the CD from 190 nm to 350 nm and 7.1 x 1073 M was used from 350 nm to 800 nm.
A lower concentration was required at longer wavelengths because of strong absorption at
approximately 380 nm due to the nitrobenzene n — 7* transition. The spectra produced by
these runs were equal and opposite as expected. All runs including two enantiomers were
averaged using the (CD) = 0.5(C'D, — CDy). This averaging will subtract out the error due

to artifacts in experimental data and gives a cleaner ECD signal.
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5.4 Experimental UV /Vis

The UV/Vis spectrum for R-NPNPSA, S-NPNPA, and S-alanine were acquired using a
Thermo-scientific EV-60 UV /Vis spectrometer. All solutions were prepared with methanol
as a solvent. The data was acquired a various concentrations to obtain the complete
spectra. The bandwidth for all scans was set to Inm. Concentrations of the solutions of
NPNPSA were 5.84 x 1072 M, 2.92 x 104 M, and 5.84 x 104 M. For NPNPA the solution
concentrations were 3.81x 1072 M, 3.81x10~* M, and 5.84x 107> M. Multiple concentrations
were used because some regions absorbed more strongly and therefore required a smaller
concentration. A nearly saturated solution (3 g/1) of alanine was used to record the UV /VIS
spectra of alanine. Because of the limited solubility of alanine in methanol, 27 mg of alanine
were added to ~ 9 ml of methanol and this was heated and sonicated for 1 hour. After
the sample cooled to room temperature a small amount of methanol was added to reach a
full 10 ml alanine/methanol solution. Then the fluid sample was removed leaving 21 mg of
alanine remaining in the container. The maximum concentration of alanine in methanol at
room temperature is approximately 6.73 x 10™3 M. All the samples were filtered with a 0.45

micron syringe filter as a precautionary measure.

5.5 computational methods

5.5.1 PCM and G3MP2B3

Since every measurement was performed with methanol as the solvent the solvent effects
of methanol are simulated using the integral equation formulation of the Polarization
Continiuum Model(IEF-PCM) as implemented in Gaussian03.%%!%" The PCM model part
of the simulations used the UAO (Simple United Atom Topological Model) to construct the
solvent exclusion region. Explicit spheres were attached to acidic hydrogens, i.e. all those
bond to nitrogen and oxygen in NPNPA and NPNPSA because the simple united topological
model does not explicitly account for hydrogens. An accurate conformational population
can be very important when calculating the ORD and ECD, especially when the sign of

the ORD and CD differs between different conformers. For example, in Chapter 77 it was
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shown that energies derived from DFT/B3LYP energies were insufficient when determining
the conformational populations in carvone, particularly because some of the conformers
had opposing signs(see 2). For carvone, the G3 model chemistry was used for gas phase
simulations and the G3MP2 was used in conjunction with the PCM mode to calculate the
ORD in solution. %% This article uses the G3MP2B3 model chemistry to calculate the Gibbs
free energy which in then used to determine the relative populations of the conformers
of NPNPA and NPNPSA. 778162 The G3MP2B3 begins with geometry optimization and
frequency calculation using B3LYP/6-31G(d) to determine the zero point and vibrational
energy correction. This is followed by a QCISD/6-31G(d) and a MP2 calculation with the
GTMP2Large basis set.

5.5.2 ECD and UV /Vis of NPNPA and NPNPSA

The ECD was calculated with for all conformers using TD-DFT /B3LYP with the 6-31G(d)
and the aug-cc-pVDZ(referred to as aVDZ) basis set using a structure optimized with the
same method and basis set used to perform the simulations of the optical rotation, circular
dichroism, and UV/Vis.™ Excited state geometry changes and vibronic effects were ignored
for these simulations. Fifteen excitations were used to calculate the ECD and the UV /Vis
Absorption of NPNPA and NPNPSA. The solvent effects were treated with the PCM model
in the exact same fashion used in the G3MP2B3 calculations. The CD in Figures 5.8 and

5.7 were calculated using the following equations

N Ry o’
CD; = 0.024569 ) ~ —Le o2 (5.1)
X g
j=1
n
CDiotar = Z P - CD; (5.2)
1

where CD; is the CD for the ith conformer, R; is the rotational strength in units of
10749 erg esucm Gauss !, v;j is the frequency in em ™!, respectively, of each CD band, and

P; is the population of the ith conformer. The peak broadening parameter ¢ was chosen

97



to be between 2000 and 3000 cm~'.'%%" In the analysis of the ECD the frequencies of the
transitions were shifted to bring the experimental and theoretical UV /Vis into aggreement
before the ECD was compared to experiment. This is following the recommendation of
Bringman et al. when using ECD to try to determine the absolute configuration. '’ When
simulating the ECD, the velocity gauge rotational strength was used to insure the origin
independence of the rotational strength. The ORD of both molecules was calculated using
DFT/B3LYP with the 6-31G(d) and the aVDZ basis set using linear response theory at
632.8 nm, 589 nm, 546 nm, and 436 nm using geometries optimized with the method and
basis set used to simulate the ORD. For the conformers constituting up the majority of
the population the ORD was also calcualted with 6-311G(d,p). The G3MP2B3 populations
were used to simulate the population weighted ORD. As with the G3MP2B3, ECD, and
optimizations, the PCM model was included to simulate the effects of solvents.

The method used to do this was based upon the work of Wiberg et. al.”’ Essentially
a Taylor expansion of the ORD is taken around the equilibrium geometry. The ORD
at each step along a normal mode coordinate was taken to be 0.05 with the numerical
second derivative calculated with a central difference. The vibrational corrections were
weighted to take into account the effects of temperature on the measured value. The
ORD used for the vibrational corrections was calculated with B3LYP/6-311G(d,p). The
equilibrium geometry used for these simulations was taken from an optimization performed
with B3LYP/aVDZ. The frequency and displacement of each normal mode coordinate
came from the B3LYP /6-31G(d) calculations that are a part of the G3MP2B3 simulations.
As with previous calculations, the solvent was modeled using a polarization continiuum
model. The continiuum model produced a new solvent exclusion region for each simulation
based on the current geometry. For both NPNPA and NPNPSA some of the vibrations
produced spuriously large correction factors because the nature of the vibrational is not
well represented by a rectilinear coordinate system used to move the atoms along the
normal mode. Gaussian03 lists each normal mode as a list of displacements in the x,

y, and z directions. This representation of the normal modes is only accurate for small

"The constant 0.024569 in Equation 5.2 is slighty different than the one given in the book by
Bari and Pescitelli and Chapter 2. The one in this chapter uses the full accuracy of the appropriate
physical constants
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displacements. The results from these vibrations were removed from the analysis. This is
noted in the Appendix A.2. For conformer 3 of NPNPA the corrections from normal modes
1-4 were removed and conformer 1 had the modes 1-5 removed from the analysis. these low
frequency modes have large displacement expectation values because of the large population
in excited states. NPNPSA also required that some modes be removed from the analysis
because of excessively large correction factors associated with them. For conformer 2 on
NPNPSA the corrections due to normal modes 1-7 were cut from the analysis. Conformer
4 had normal modes 1-6 removed from the analysis. If the signs of the modes that were
cut are a representative of the correction factor than they will not correct the ORD in the

correct direction.

5.6 Results

5.6.1 G3MP2B3

There are two dominate conformers For both NPNPA and NPNPSA. Conformers 1 and
3 dominate in NPNPA with total populations of 0.384 and 0.569, respectively. These
populations are remarkably different than the results reported for gas phase NPNPA using
the MOG6-2X functional The calculations in Lambertet al. suggest that only the first
conformer needs to be considered because all others had such a low population. This may be
a result of the solvent but it is more likely an effect due to inadequecies associated with DFT
that are compensated for by G3MP2B3. Conformers 1 and 3 of NPNPA are both stabilized
by intramolecular hydrogen bonding (see Table 5.1). For conformer 1, the hydrogen attached
to the nitrogen hydrogen bonds with the doubly bonded oxygen on the carboxlyic acid. For
conformer 3, the hydrogen attached to the oxygen in the carboxylate bonds to the lone pair
of the nitrogen. In conformer 1 the NH is in the plane of the nitrobenzene which implies that
its 7 electrons are delocalized over the nitrobenzene structure. In conformer 3, the nitrogen
takes on a trigonal pyramidal structure because of localization of the hydrogen bonding lone
pair. For NPNPSA, the population is dominated by conformers 2 and 4 with a population
of 0.656 and 0.339, respectively(see Table 5.2).
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Table 5.1: The populations of each conformer of NPNPA at 298.15K calculated
with the G3MP2B3 method .

G3MP2B3
conformer relative energy(eV) A G(eV) population at 298.15
1 0.167 0.010 0.384
2 0.423 0.275 0.000
3 0.151 0.000 0.569
4 0.245 0.082 0.024
D 0.413 0.262 0.000
6 0.000 0.082 0.024

Table 5.2: The populations of each conformer of NPNPSA at 298.15K calculated
with the G3AMP2B3 method .

G3MP2B3
conformer relative energy(eV) AG(eV) population at 298.15
1 0.120 0.144 0.002
2 0.000 0.000 0.656
3 0.130 0.145 0.002
4 0.032 0.017 0.339

Conformer 2 of NPNPSA is hydrogen bond stabilized by the NH hydrogen bonding to
the lone pair of the double bonded oxygen of the carboxylic acid. Conformer 4 is stabilized
by the hydrogen bonding between the lone pair of one of the oxygen in the SO> to the
hydrogen of the carboxylic acid.

5.6.2 UV/Vis

The CD and UV /Vis spectrum of S-alanine was acquired as a reference since both NPNPA
and NPNPSA contained the alanine moiety. This comparison plot is given in Figure 5.5.
The majority of the structure in the CD and absorption spectrum of alanine lies in the
VUV region. '® The UV /vis spectrum of alanine in methanol has been measured previously
and agree with that in Figure 5.3.'%° The UV /Vis spectra for nitrobenzene is available
from NIST webbook and has a maximum absorption wavelength at approximately 260 nm

and extends from the UV region to approximately 410 nm. The magnitude of the UV /Vis
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Figure 5.3: The experimental UV /Vis absorption and ECD of the S-alanine.

spectrum of alanine is smaller than that of NPNPA or NPNPSA by 2 orders of magnitude.
Alanine exhibits a strong absorption peak at the 202 nm and a second much weaker peak
at 270 nm. The peak at ~ 270 nm is much smaller in amplitude and did not exhibit an
observable CD. The CD of this peak has been observed for a highly concentrated solution of
alanine in water but it is below our detection limit.'%* The positions of the absorption peaks
of alanine are close to absorption peaks in NPNPSA, albiet much with different amplitudes.
Closer inspection of the associated transitions of NPNPSA show that the orbitals appeared
to be transitions from the lone pair orbitals of alanine to the 7* orbitals of the nitrobenzene
but it is hard to define a definite character to the orbital.

The lowest energy transition of conformer 2 and conformer 4 NPNPSA has a neglible

transition dipole moment. The three lowest energy transitions of NPNPSA required
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Figure 5.4: A theoretical and experimental comparison plot of UV /Vis of NPNPSA.

significant shifting to higher energy upon when comparing the experimental and calculated

UV /Vis spectrum( see Table A.3). The higher energy peaks required less shifting than

the lower energy transitions. It is interesting to note that the position of the observed

experimental bands is the same for NPNPSA and alanine albeit with very large intensity
differences. NPNPA has a peak at the same wavelength as the UV/Vis of alanine and
NPNPSA at 202 nm. The n — 7* transition of NPNPA was clearly the strongest both
theoretically and experimentally for NPNPA and contains a total of three absorption bands
in its broadened structure. The oscillator strengths and positions did not vary significantly
for the n — 7* transition when comparing the two basis sets employed. The simulations of
the UV /Vis data of NPNPA and NPNPSA agreed very well with experiment when the
excitation energies were shifted for comparison to the experimental data. Nonetheless,

the B3LYP functional consistently underestimated the excitation energy in NPNPSA and
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Figure 5.5: A comparison plot of total UV /Vis absorption of alanine, NPNPA and
NPNPSA in methanol.

overestimated it in NPNPA. The excitation energies used to model the UV /Vis experimental

data NPNPA and NPNPSA are given in Tables A.1, A.2, A.3 and A .4.

5.6.3 ECD

The ECD of S-alanine shown in Figure 5.3 in the region observed was smooth, having
one positive peak at 202 nm. S-NPNPSA also exhibited a positive peak in the same
position. For S-alanine in water there is also a very small negative ECD peak around 252
nm which corresponds to the 270 nm peak in methanol.'%* In the same region, NPNPSA
shows a diffuse weak positive ECD band although it is hard to infer any sort of relationship

with the difference in solvent. For NPNPSA| the second lowest energy transition (the first
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dipole active transition) electric and magnetic dipole moments where nearly orthogonal
for conformer 2 when calculated with both aVDZ and 6-31G(d). This near orthogonality
makes the this transition suceptible to sign changes with subte differences in structure. For
NPNPSA the TD-DFT calculations did not reproduce the ECD spectra even though it
peak positions were empirically shifted using the UV /Vis data. In fact, in the case of S-
NPNPSA, the calculated ECD was diametrically opposed to the measured ECD for the whole
spectrum (see Figure 5.7). The measurements were performed with two different batches to

see if it was possibly an error in the our initial assignment of absolute configuration. For R-

i —— § -NPNPSA experimental
064 S -NPNPSA 6-31G(d)
/1 S -NPNPSA aVDZ

Ag(cm™ moles L)
=
) o

I 1 1 | L1 1 I
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1
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Figure 5.7: A comparison between the theoretical and experimental ECD of S-
NPNPSA.

NPNPA, there was partial agreement between theory and experiment, depending upon the
wavelength region and transition. In the wavelength region covering 220 nm to 260 nm the
calculated ECD had the same sign as experiment when calculated with aVDZ basis set. The

n — 7 transition of R-NPNPA had the "correct" sign for both conformers 1 and 3 when
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calculated with 6-31G(d), but because both of the conformers have significiant population is
not expected that the signs should agree. On the other hand, when the transition states were
calculated with aVDZ the rotational strength of conformer 1 was positive and conformer
3 was negative. Since the ECD is so small for the n — 7* transition it is likely that each
conformer has a different sign which would decrease the overall magnitude. For conformer 3
the 5th transition was a factor of —10 smaller when calculated with 6-31G(d). The seventh
transition of conformer 1 was a factor of 28 smaller when calculated with 6-31G(d) and
had the opposite sign. Furthermore, it is worth noting that the direction of the n — 7*
transition dipole moment of conformer 1 nearly reversed its direction when calculated with
aVDZ versus 6-31G(d). The results of the calculations of the ECD with TD-DFT are shown

in Tables A.1 and A.2. In general, when considering the experimental difficulty in obtaining

0.2
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4 R-NPNPA aVDZ
: experimental ECD R-NPNPA
0.1 4
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Figure 5.8: comparison of experimental and theoretical ECD of R-NPNPA

a spectrum over the region of the n — 7* because of the strong absorption compared to the

magnitude of the CD, the weaker n — 7* predicted by the aVDZ basis set is more in tune
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with experiment. Given the large variation in the calculated ECD when using these two
basis sets it is remarkable that the ORD produced with each basis set is so similar. It is
important to note that shifting the bands to minimize the difference between the theoretical
and experimental UV /Vis was hindered by the fact that some of the ECD bands of both
molecules had strong oscillator strengths and weak or nonexistent rotational strengths or

vice versa. Also, applying the same scale factor to every conformer may be inaccurate.

5.6.4 ORD

For both molecules the ORD had the opposite sign when compared to experiment and the
magnitude was much larger than the magnitude of the observed ORD regardless of method
and basis set. This is illustrated by comparing Figures 5.9 and 5.10 with Tables 5.5 and 5.6.
Also, the inclusion of the vibrational corrections with the method described by Wiberg et.
al. pushed the ORD further from the expected result.”’ ORD is strongly dependent upon
the position and sign of the electronic circular dichroism bands, which is evident from the
Kronig-Kramers relations.

Table 5.3: The calculated ORD of R-NPNPA using BSLYP with various basis sets
with and without vibrational corrections.

Calculated ORD
wavelength  6-31G(d) ORD aVDZ 6-311G(d,p) R

632.80 -193.61 -170.67
989.00 -228.84 -204.38 -246.88
278.00 -239.27 -214.57
946.00 -274.18 -249.43
436.00 -473.75 -489.30 -076.78
589.00* -316.61 -292.15 -334.65
436.00¢ -171.53 -187.09 -274.57

a. vibrational corrected values

Therefore, incorrect signs and positioning of electronic bands will have a strong effect
on the ORD. scaling factors were needed because the electronic circular dichroism of both
NPNPA and NPNPSA suffer from incorrect positions of excitations. For conformer 3 of
NPNPA the ORD did not have any significant difference introduced by the choice of basis
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Table 5.4: The calculated ORD of S-NPNPSA using B3LYP with various basis sets
with and without vibrational corrections.

Calculated ORD

wavelength 6-31G(d) ORD aVDZ  6-311G(d,p)
632.80 -104.68 -125.34
589.00 -127.63 -152.48 -107.21
278.00 -134.70 -160.84
546.00 -159.47 -190.03
436.00 -354.56 -420.65 -305.85
589.00¢ -422.95 -447.80 -402.54
436.00* -1567.29 -1633.38 -1518.58

a. vibrational corrected values

set. The calculated ORD for conformer 1 was about a factor of two smaller than the
ORD calculated for conformer 3. The exceptions to this are for conformer 1 at 436 nm
which decreases to —37 deg dm™! (g/mL)~'from —181 degrees when calculated with aVDZ
and 302.6 deg dm~! (g/mL) 'when calculated with 6-311G(d,p) This explains the great
difference between the magnitude of the ORD when comparing conformer 1 and 3 at 436
nm(see Table 5.5. The vibrational corrections of NPNPA pushed the calculated ORD further
from the experimental results with vibrational corrections simulations at 589 nm. The
vibrational corrections for NPNPA conformer 1 was -106.56 deg dm~* (g/mL)~!at 589 and

447.23 deg dm™! (g/mL)!at 436 nm.  The large correction at 436 nm is presumably

Table 5.5: The calculated ORD of R-NPNPA using B3LYP with various basis sets
with for each conformer.

conformer 1 conformer 2 conformer 3

wavelength 6-31G(d) aVDZ 6-311G(d,p) 6-31G(d) aVDZ 6-31G(d) aVDZ 6-311G(d,p)
632.800 -104.750 -105.290 - 245.940 116.730 -282.64 -241.96 -
589.000 -116.620 -122.510 -155.770 310.930 150.740 -339.17 -292.41 -337.3
578.000 -119.540 -127.430 - 331.850 161.950 -356.32 -307.86 -
546.000 -127.050 -143.210 - 408.330 204.100 -415.35 -361.54 -
436.000 -37.810 -181.530 -302.600 1217.110 765.510 -846.27 -783.25 -824.14
conformer 4 conformer 5 conformer 6

632.800 56.480 141.020 -224.930 -226.520 244.45 163.22

589.000 72.800 179.000 -279.890 -288.750 288.94 191.36

578.000 78.110 191.290 -297.310 -309.030 302.11 199.52

546.000 97.680 236.520 -360.090 -384.330 346.25 226.15

436.000 308.080 756.370 -979.790 -1328.470 604.2 323.71

because it is near an absorption band. For conformer 3 the correction value was -82.46
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Figure 5.9: The optical rotatory dispersion curve on S-NPNPA.

deg dm™! (g/mL) tat 589 nm and 229.85 deg dm~! (g/mL) tat 436 nm. The vibrational
corrections in this case do not push the theoretical values closer to experiment. The reason
for this is unclear. The use of the polarization continiuum model introduces issues with the

solvent response time compared to the vibrations.
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Table 5.6: The calculated ORD of S-NPNPSA using BSLYP with various basis sets
with for each conformer.

conformer 1 conformer 2
wavelength  6-31G(d) aVDZ 6-31G(d) aVDZ 6-311G(d,p)

632.80 -151.09 -168.8 -26.91 -57.23 -
589.00 -180.93 -202.9 -34.80 -71.35 -29.91
578.00 -189.93 -213.2 -37.33 -75.80 -
546.00 -220.71 -248.7 -46.56 -91.66 -
436.00 -431.71 -500.1 -132.03  -229.52 -130.21

conformer 3 conformer 4
632.80 -173.77  -159.16 -254.31  -256.55 -
589.00 -205.52  -188.69 -306.28 -308.80 -258.23
578.00 -214.94 -197.49 -322.11 -324.70 -
546.00 -246.67  -227.20 -376.83  -379.63 -
436.00 -446.17  -418.36 -785.84  -789.79 -649.83
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Figure 5.10: The optical rotatory dispersion curve on S-NPNPSA.
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For S-NPNPSA the calculated optical rotation also disagreed with experiment. The
optical rotation was calculated to be negative for every conformer at every wavelength.
The calculations produced consistent results reqardless of the chosen basis set with the
exception of the aVDZ calculation of conformer 2 being 2 times larger in magnitude then
the calculations with 6-31G(d) and 6-311G(d,p). Conformer 2 of NPNPSA had a correction
factor of -2074.0 deg dm™! (g/mL) 'at 436 nm and -534.0 deg dm™! (g/mL) 'but these
large corrections were balanced by the corrections to coformer 4 which had a correction

factor 436.3 deg dm~! (g/mL) !at 436 nm and 162.0 deg dm~! (g/mL)~!at 589 nm.

5.7 Summary and Conclusions

The ECD, UV/Vis and the ORD for NPNPA and NPNPSA have been compared to theory
with the hope of ascertaining the absolute configuration. All measurements were performed
with methanol as a solvent. To account for the effects of the solvent, all simulations were
performed with the polarization continiuum model. The model chemistry G3MP2B3 was
used to calculate the conformational populations for both NPNPA and NPNPSA. The
ECD and UV/Vis were calculated using the TD-DFT/B3LYP/aVDZ and 6-31G(d). When
comparing the UV/Vis to experiment a significant amount of shifting of the transitions
energies to bring the peak positions into agreement with experiment. The magnitude of the
calculated UV /Vis peaks reproduced.

The agreeement between experimental and theoretical ECD of NPNPA is intermittent.
If you look at the lowest energy transition of NPNPA the assignment the the calculated
ECD agrees but this agreement shifts. In general it is known that transitions to Rydberg
states are not accurately captured by TD-DFT. The primary culprit for disagreement being
the calculated sign of the rotational strengths. This is likely resulting from inadequacy
of TD-DF'T. Higher level calculations are likely necessary to obtain accurate sign for the
rotational strengths.

Agreement between the calculated and experiment optical rotation is nonexistent. The
calculated optical rotation had poor agreement when compared to experiment. The inclusion
of vibrational corrections pushed the calculated values further from the experimental values.

The polarization continiuum model calculated a unique solvent exclusion region when
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computing the second derivatives. This may be in err but it not believed to be substansial
enough to produce the observed disagreement. The low frequency modes may have may
be the culprit for this as they are expected to have large corrections values because the
modify the geometry a large amount when populated. This is an interesting problem.
Because of the caucophony of potential sources of disagreement it is hard to point to a
single major contribution. This may result from an inadequacy of DFT, e.g. its inability to
effectively model charge-transfer states and Rydberg states. If this is the case than higher
level calculations of the ECD and the ORD using methods like CCSD may provide the
answer. If the disagreement is resulting from inadequacy of DFT then the that error would
propagate through the vibrational corrections as well. Also, the treatment of the solvent
environment as a polarizable continuum may be insufficient. Methanol does have a hydrogen
bond donor and this may introduce more exotic solvent effects that were not considered
herein which require much larger scale modeling similar to that performed by Neugebauer.
This chapter invites some very interesting questions that leave room for additional much
research. Quantum chemistry is at the threshold of describing the subtle properties of

complex molecules.
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A.1 Oscillator and Rotational Strengths of NPNPA

and NPNPSA

Table A.1: The oscillator strength and rotatory strength of (R)-NPNPA calculated
with BBLYP/aVDZ. E’ is the shifted energy used to fit experimental and theoretical
UV /vis absorption, f is the dimensionless oscillator strength, and R is the rotational
strength in 1074 erg esu cm Gauss ™.

1

Conformer 1

Conformer 2

E (eV) E (eV) f R E(eV) E (eV) f R

3.316 3.1561  0.576 2.018  3.366 3.197  0.538 11.906
3.770 3.581  0.000 -2.949 3.773 3.584  0.000 -8.942
4.123 3.917  0.005 -0.275 4.094 3.889  0.008 0.031
4.514 4.289 0.001 0.424 4.491 4.267 0.001 0.597
4.638 4.406 0.044 -4.604 4.742 4.505 0.007 -8.461
4.731 4.494  0.002 -2.094 4.762 4524  0.040 -5.417
0.248 4.986 0.007 7.423 5.131 4.875 0.003 1.216
0.258 4.995 0.000 -0.285 5.279 5.015 0.009 8.087
2.567 0.289  0.049 4.367 5.649 5.367  0.045 -1.35
2.608 5.328  0.008 -2.583 5.696 5.411  0.007 1.761
5.687 5.403 0.004 2.346 5.724 5.437  0.005 23.958
0.754 5.466  0.003 0.114 5.775 0.486  0.005 -5.918
5.879 5.585  0.106 -8.496 5.906 5.611  0.099 -3.269
0.898 5.603  0.001 -5.071 5.966 0.667  0.003 1.442
6.049 5.747  0.004 -2.132 6.129 5.823  0.000 -0.748
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Table A.1: Continued. The oscillator strength and rotatory strength of (R)-NPNPA
calculated with BBLYP/aVDZ. E’ is the shifted energy used to fit experimental and
theoretical UV /vis absorption, f is the dimensionless oscillator strength, and R is the

rotational strength in 10~%° erg esu cm Gauss ™.

Conformer 3 Conformer 4
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.439 3.267 0.504 -1.662  3.365 3.196 0.538 7.431

3.777 3588 0.000 -6.931  3.773 3.584  0.000 -1.709
4.087  3.883 0.009 0438 4104  3.898 0.006 -0.207
4.478  4.254 0.001 -0.533 4.502  4.277 0.001 -0.069
4.806  4.566 0.039 20.837 4.587  4.358 0.028 23.816
4.877  4.633 0.010 1.030 4919 4.673 0.018 -22.154
5.074  4.820 0.005 -17.181 5.002  4.752 0.004 -3.179
5.507  5.231 0.008 -17.694 5.325 5.059  0.004 -2.723
5.812 5.522  0.025 13.600 5.654 5372 0.005 -2.48

5.881 2.587 0.020 -33.654 5.715 0.429  0.024 22.698
5.924  5.627 0.055 -19.178 5.742 5.455 0.032 -26.137
5.934  5.637 0.057 19.968  5.768 5.479  0.003 -0.776
5.983 5.684 0.003 -2.810 5.832 5.540  0.004  -6.9

6.016 5.716  0.013 -1.802  5.903 5.608 0.102 3.412

6.101 2.796  0.002 -0.059 6.127  5.820 0.001  4.146
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Table A.1: Continued. The oscillator strength and rotatory strength of (R)-NPNPA
calculated with BBLYP/aVDZ. E’ is the shifted energy used to fit experimental and
theoretical UV /vis absorption, f is the dimensionless oscillator strength, and R is the

rotational strength in 10~%° erg esu cm Gauss ™.

Conformer 5 Conformer 6
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.333 3.166  0.543 -14.697 3.424  3.253  0.487 -5.938
3.772 3.583 0.000 8.001  3.773 3.585 0.001 10.394
4.095 3.890 0.006 0.013  4.084  3.879 0.008 -0.483
4515  4.289 0.001 -0.901 4476  4.253 0.001 0.076
4.673  4.439 0.009 17316 4.842  4.600 0.037 -10.482
4.729  4.492 0.033 -18950 4.869  4.626 0.008 -1.227
5.003  4.753 0.003 1.625 4949  4.702 0.004 15.414
2.268 5.005 0.003 -3.268  5.498 5.223  0.006  4.903
9.582 5.303 0.035 -8.931 5.718 5.432  0.037 10.387
5.632 5.351  0.005 3.434  5.820 5.529  0.002 1.181
5.701 5.416  0.017 8.690  5.828 5.625 0.099 1.773
5.765 5477 0.000 2.166  5.828 5.536  0.020 -4.038
5.784 5495 0.003 -8.748  5.921 5.625 0.099 1.773
5.886 5.591  0.104 4.245  6.015 5.714  0.001 -2.038
6.080 2.776  0.001 1.815  6.115 5.809  0.002 -0.254
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Table A.2: The oscillator strength and rotatory strength of (R)-NPNPA calculated
with B3LYP/6-31G(d). E’ is the shifted energy used to fit experimental and
theoretical UV /vis absorption, f is the dimensionless oscillator strength, and R is

the rotational strength in 10~*° erg esu cm Gauss ™.

Conformer 1 Conformer 2
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.307  3.043 0480 13.21  3.637  3.346" 0.474 50.227
3.75 3.450  0.001 -13.529 3.831 3.525  0.008 -41.566
4.089 3.762  0.005 "0.454 4.270  3.928" 0.008 0.243
4500  4.050 0.000 "0.676  4.469  4.022" 0.000 0.667
4.721 4.248 0.042 -17.83 5.064  4.557 0.043 -20.217
4.736  4.262 0.005 "6.601 5.096  4.586 0.003  1.030
5.271 4.744 0.001 -0.259 5.192  4.673 0.007 -4.419
5.469 4922 0.044 0431 5.774 5197 0.002  3.289
2.585 5.027 0.001 -8.654 5.797  5.217 0.029 4.631
2.787 5209 0.036 5.567  6.104 5493 0.041 13.354
5.861 5.274  0.082 -0.915 6.191 2.572  0.076 -1.985
5.873 5.286  0.001 -0.022  6.234  5.610 0.000 0.043
5.938 5.344 0.001 -1.423 6427 5784 0.002 -2.862
6.037  5.433 0.008 -2.967 6.562 5.905 0.001 -1.177
6.147  5.532 0.000 -0.132 6.574 5917 0.011 -4.165
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Table A.2: Continued. The oscillator strength and rotatory strength of (R)-NPNPA
calculated with B3LYP /6-31G(d). E’ is the shifted energy used to fit experimental
and theoretical UV /vis absorption, f is the dimensionless oscillator strength, and R

is the rotational strength in 107" erg esu cm Gauss ™ ".

Conformer 3 Conformer 4
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.679 3.384 0466 0.716  3.593 3.234  0.506  7.285
3.831 3.524 0.001 -10.574 3.831 3.448  0.000 -3.009
4.290 3.947 0.007 0.600  4.301 3.871  0.004 -0.390
4.470  4.023 0.000 -0.609 4492  4.043 0.000 -0.314
4902  4.412 0.019 -2270 4.850 4.365 0.034 18.775
5.067  4.561 0.041 31.462 5.064  4.558 0.005 -2.732
5.335  4.801 0.005 -22.999 5.171 4.654 0.018 -21.208
5.969 5.372  0.006 -7.179  5.823 5.241  0.003 -11.153
5.979 5.381 0.002 -7.072  5.939 5.345 0.055  2.275
6.118 2.506  0.059 -4.522  6.147  5.533 0.012 -5.389
6.197  5.578 0.035 -9.316 6.198 5.579  0.079  2.092
6.204  5.583  0.048 4.989  6.236 5.612  0.001  0.947
6.452 5.807 0.006 7.197  6.408 5.767  0.000  1.227
6.536 5.882  0.002 3.510  6.493 5.844 0.148 5.855
6.572 52914 0.016 3.450  6.524  5.872 0.000 0.473
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Table A.2: Continued. The oscillator strength and rotatory strength of (R)-NPNPA
calculated with B3LYP /6-31G(d). E’ is the shifted energy used to fit experimental
and theoretical UV /vis absorption, f is the dimensionless oscillator strength, and R

is the rotational strength in 107" erg esu cm Gauss ™ ".

Conformer 5 Conformer 6
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.549 3.194 0.516 -18.471 3.652 3.287 0.456 -12.337
3.834  3.451 0.001 10.555  3.830 3.447  0.002 19.735
4.296 3.866 0.003 0.116  4.288 3.859  0.007 -1.039
4.501 4.051 0.000 -0.377 4470  4.023 0.000 -0.065
4.878 4390 0.026 21.665 4.911 4.420 0.015 2.280
4978  4.480 0.025 -25.833 5.074  4.566 0.042 -6.104
5.105  4.594 0.005 3.810  5.241 4.717 0.001  2.962
5.851 5.266  0.002 4.433  5.936 5.342  0.007 16.331
5.898 5.308 0.056 -5.672  6.006 5.405 0.004 0.229
6.117  5.505 0.013 0.409  6.019 5.417  0.045 -5.142
6.193 5.574 0.081 0.351  6.136 5.522  0.016 0.364
6.240 5.616 0.001 0.858  6.194  5.575 0.077 0.811
6.445 5.800  0.000 -0.607  6.432 5.789  0.000  0.640
6.513 5.861  0.023 -10.352 6.538 2.885 0.006 -3.268
6.564  5.907 0.000 -0.047  6.563 5.906  0.008  2.579
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Table A.3: The oscillator strength and rotatory strength of (5)-NPNPSA calculated
with BSBLYP /apVDZ. E’ is the shifted energy used to fit experimental and theoretical
UV /vis absorption, f is the dimensionless oscillator strength, and R is the rotational

strength in 107*° erg esu cm Gauss ™.

Conformer 1 Conformer 2
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.726  4.099 0.000 -0.352 3.729  4.102 0.000 -2.501
4.026  4.429 0.000 1.262  3.952 4.347 0.000 -3.243
4.070  4.477 0.119 -9.107 4.091 4500 0.132 -2.565
4318  4.750 0.000 -0.589 4.326  4.758 0.000 0.237
4.478  4.702 0.182 -9.306 4.630 4.862 0.154 6.387
4.824  5.066 0.101 7.231 4.746 4983 0.056 -7.655
9.026 5.277 0.017 -2.581 5.010 5.261  0.002  0.249
5.257  5.520 0.002 0.012  5.206 5.466  0.011 0.044
5.544  5.822 0.000 0.064 5.469 5.742  0.003  2.881
5.634 5915 0.001 1.612 5.667  5.950 0.003 -2.389
5.646 5.929 0.001 -0.881 5.823  6.114 0.055 5.666
5.705 5.990 0.001 -7.115 5.870  6.164 0.000 -0.068
9.805 6.095 0.055 3.647 5918  6.213 0.001 4.797
5.986 6.286 0.008 2.669 5.944  6.241 0.014 -16.027
6.025 6.326 0.013 -5.474 6.087  6.391 0.001 -1.213
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Table A.3: Continued. The oscillator strength and rotatory strength of (S)-
NPNPSA calculated with B3LYP/apVDZ. E’ is the shifted energy used to fit
experimental and theoretical UV /vis absorption, f is the dimensionless oscillator

strength, and R is the rotational strength in 10~% erg esu cm Gauss ™.

Conformer 3 Conformer 4
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.715  4.086 0.000 -2.528 3.719  4.091 0.001 -9.217
3.859  4.245 0.000 1.281  3.837  4.221 0.000 -2.757
4.038  4.442 0.021 1.473  4.045 4450 0.029 0.831

4300  4.730 0.000 -0.887 4.312 4.743 0.000 -0.772
4.478  4.702 0338 6.796 4480 4.704 0.256 16.485
4.819  5.060 0.070 -16.411 4.973  5.222 0.065 -13.788
5.222 5483 0.004 0.368  5.234 5496 0.002 -0.825
5.288  5.552 0.005 1.257  5.412  5.683 0.005 -32.327
5.465  5.739 0.005 -31.527 5.429  5.701 0.005 2.649

5.510  5.78 0.003 1.783 5462  5.735 0.001 -0.353
5.672 5956 0.005 1.437 5592 5872 0.006 -8.135
5.757  6.045 0.059 0.627  5.768  6.057 0.002 -1.872
5.767  6.055 0.000 -0.082 5.780  6.070 0.052  5.585

5.885  6.180 0.007 -5.413 5.799  6.089  0.009 -1.009
5913  6.209 0.004 2823 5960  6.258 0.035 12.816
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Table A.4: The oscillator strength and rotatory strength of (S)-NPNPSA calculated
with B3LYP /apVDZ. E’ is the shifted energy used to fit experimental and theoretical
UV /vis absorption, f is the dimensionless oscillator strength, and R is the rotational

strength in 107 erg esu cm Gauss ™.

Conformer 1 Conformer 2

E (eV) E (eV) f R E (eV) E (eV) f R

3.753 4.128 0.000 -0.173  3.762 4.138 0.000 -0.991
4.128 4.541  0.008 -4.750  4.109 4.520 0.014 -6.470
4.216 4.637 0.025 0.274 4.244 4.668  0.093 -4.396
4.306 4.736  0.000 -0.157 4.317  4.749 0.000 2.902
4.578 4.806 0.200 -12.442 4.783 5.022  0.065 10.663
5.039 5.291  0.117  9.265 4.882 5.126  0.141 -7.041
0.244 2.506  0.016 -4.277  5.211 0.472  0.002 -0.418
5.386 5.655  0.001 -0.173  5.413 5.683  0.012 -1.855
5.569 0.848  0.000 -0.127  5.663 0.946  0.003 1.973
5.757 6.044 0.001 -2.423  5.816 6.107  0.004 -0.299
5.836 6.128  0.000 -1.537  5.921 6.217  0.000 -0.019
5.859 6.152  0.001 2.104 5.995 6.253 0.044 3.833
5.910 6.206 0.042 4.738  6.028 6.330  0.001 -0.338
6.073 6.376  0.003 2.460  6.131 6.438 0.010 -9.684
6.159 6.467 0.013 -6.962  6.336 6.653 0.015 1.213
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Table A.4: Continued. The oscillator strength and rotatory strength of (S)-
NPNPSA calculated with B3LYP/6-31G(d). E’ is the shifted energy used to fit
experimental and theoretical UV /vis absorption, f is the dimensionless oscillator

strength, and R is the rotational strength in 10~% erg esu cm Gauss ™.

Conformer 3 Conformer 4
E (eV) E’ (eV) f R E (eV) E’ (eV) f R

3.746  4.121  0.000 -2.867 3.752  4.128 0.000 -0.173
3.891 4.280 0.007 2.076  4.128  4.541 0.008 -4.750
4210 4.631 0.022 0.249 4216 4.637 0.025 0.274
4.291 4.720  0.000 0.071  4.306  4.736  0.000 -0.157
4.606  4.836 0.281 8825 4578  4.806 0.200 -12.442
4.971 0.220  0.110 -17.952  5.039 5.291  0.117  9.265
5.316 5.582 0.003 -0.167 5.244  5.506 0.016 -4.277
5.435 5.706 0.002 1.037  5.386 5.655 0.001 -0.173
5.531 5.807  0.004 -25.237 5.569 5.848  0.000 -0.127
2.679 2.963 0.006 0.287  5.757  6.044 0.001 -2.423
2.733 6.020  0.006  3.001 5.836 6.128  0.000 -1.537
0.868 6.161 0.039 -0.067  5.859 6.152 0.001 2.104
5.901 6.196 0.004 0.404 5.910 6.206 0.042 4.738
6.020 6.321 0.004 -2.455 6.073 6.376  0.003  2.460
6.109 6.415 0.002 2587  6.159 6.467 0.013 -6.962
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A.2 Vibrational Corrections for the Relevant Con-

formers of NPNPA and NPNPSA

This appendix has the calculated vibrational correction factors for both NPNPA and
NPNPSA. Each Table has the following items in it:

e Freq=transition frequency in inverse centimeters.

< 2?2 >=Expectation value for the displacement squared.

o [a]szs=Correction factor at 436 nm.

e [a]ss9—Correction factor at 589 nm.

[aa36](¢ — dg)=Value of the ORD at 436 nm when normal mode is diplaced by -0.05.

o [as89](q¢ — dg)—Value of the ORD at 589 nm when normal mode is diplaced by -0.05.

[aus6](q + d¢)—=Value of the ORD at 436 nm when normal mode is diplaced by 0.05.

[as89](q + dq)—Value of the ORD at 589 nm when normal mode is diplaced by 0.05.
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Table A.5: Vibrational corrections from each normal mode of conformer 1 of
NPNPA.

Freq <z?> [a]ase [a]s89 loasel(a — 8q)  [aasel(a+38q)  [alsso(q —da)  [a]ssg(a + dq)
30.09 7.73 6309.37 1051.56 -252.49 -350.67 -142.27 -168.93
55.44 2.29 -12154.40 -768.22 -351.71 -266.78 -162.00 -150.38
61.32 1.87 -29.94 -29.94 -302.41 -302.83 -156.58 -155.00
83.48 1.02 -10301.70 -564.87 -498.57 -131.98 -186.88 -126.05
94.95 0.79 -3005.83 -246.02 -228.31 -386.42 -143.14 -169.18
113.17 0.56 -143.09 -60.37 -244.95 -360.89 -144.55 -167.26
198.35 0.19 -32.84 -14.51 -264.91 -340.72 -144.94 -166.79
226.51 0.15 399.37 7.7 -338.19 -260.33 -158.06 -153.36
230.84 0.14 -32.34 -24.84 -326.55 -279.21 -161.88 -150.09
280.40 0.10 -821.07 -169.76 -314.39 -310.93 -160.91 -154.79
286.04 0.10 -82.77 -31.14 -249.85 -357.45 -139.90 -172.43
334.81 0.08 202.18 16.57 -271.16 -327.33 -154.38 -156.61
395.17 0.06 46.49 8.98 -373.74 -229.44 -179.26 -131.89
418.56 0.05 139.27 25.04 6.57 -605.15 -86.70 -223.65
437.33 0.05 55.67 18.88 -290.74 -311.63 -157.94 -152.64
464.80 0.04 252.41 71.27 -195.31 -395.83 -123.64 -183.93
501.23 0.04 116.43 38.92 -270.56 -327.40 -146.63 -162.49
528.66 0.04 198.93 16.25 -325.15 -266.71 -153.46 -156.99
561.74 0.03 36.34 6.31 -286.44 -316.11 -150.20 -160.88
590.65 0.03 18.33 8.59 -311.82 -291.95 -159.75 -151.12
616.05 0.03 -27.40 -9.46 -275.68 -331.78 -152.51 -159.81
644.03 0.03 -2.06 -6.30 -380.58 -224.80 -169.64 -142.45
687.02 0.03 -137.42 -21.32 -171.01 -447.21 -129.11 -184.45
705.21 0.03 635.65 135.41 -186.77 -356.23 -128.60 -169.69
746.00 0.02 59.28 24.92 -343.47 -255.52 -165.01 -143.92
759.88 0.02 -48.00 -27.74 -245.16 -365.18 -135.69 -178.82
813.05 0.02 11.73 0.26 -228.53 -375.31 -138.63 -172.88
831.72 0.02 -133.98 -23.03 -222.20 -398.94 -142.78 -171.50
842.81 0.02 -34.69 -13.99 -375.10 -234.29 -172.92 -140.31
847.37 0.02 -23.94 -8.31 -309.06 -299.05 -159.50 -153.05
869.96 0.02 -38.26 -3.83 -366.08 -243.91 -170.62 -141.40
946.95 0.02 7.49 0.87 -310.74 -293.43 -153.89 -157.53
970.80 0.02 2.26 4.67 -348.56 -256.32 -164.09 -146.79
983.29 0.02 7.68 6.70 -293.20 -310.90 -150.75 -159.83

1012.71 0.02 2.10 3.85 -475.97 -128.92 -192.07 -118.90
1090.81 0.02 29.98 9.87 -337.90 -262.50 -173.65 -136.31
1102.71 0.02 -12.41 -3.58 -470.11 -137.10 -204.51 -107.61
1140.52 0.01 31.47 6.97 -325.99 -273.93 -158.21 -152.16
1143.84 0.01 -17.83 -5.23 -244.49 -363.71 -143.42 -169.00
1160.55 0.01 -19.20 -6.91 -311.45 -297.03 -156.19 -156.53
1206.56 0.01 -13.72 -6.86 -348.16 -259.48 -169.84 -142.92
1218.94 0.01 3.78 -0.83 -364.13 -240.39 -171.01 -140.68
1295.88 0.01 17.65 3.71 -208.50 -393.32 -135.58 -175.25
1322.80 0.01 23.94 7.62 -165.51 -435.01 -118.83 -191.22
1339.17 0.01 66.06 -1.67 -418.45 -173.67 -184.14 -127.73
1352.77 0.01 53.59 6.25 -255.43 -339.05 -136.40 -173.89
1363.95 0.01 23.94 6.79 -406.33 -194.04 -191.50 -118.67
1403.87 0.01 8.91 -6.84 -261.72 -341.63 -156.62 -156.34
1412.74 0.01 2.97 -0.77 -223.62 -380.96 -134.31 -177.39
1437.98 0.01 -26.31 -8.08 -319.34 -291.46 -159.71 -153.55
1481.04 0.01 -35.16 -7.52 -361.94 -250.97 -166.81 -146.38
1510.79 0.01 -11.58 -4.65 -266.53 -341.26 -150.59 -161.99
1517.00 0.01 -3.47 -1.96 -355.54 -250.44 -173.80 -138.18
1528.07 0.01 -12.06 -4.29 -346.85 -261.08 -163.98 -148.53
1551.19 0.01 -309.84 -57.44 -161.44 -514.96 -126.10 -198.64
1580.93 0.01 -17.85 -7.39 -368.35 -241.03 -173.62 -139.65
1626.67 0.01 43.93 8.92 -157.09 -437.52 -120.62 -188.77
1653.55 0.01 -28.12 -15.14 -369.99 -242.10 -168.17 -147.08
1806.25 0.01 26.77 7.62 -338.09 -259.94 -167.65 -141.85
3015.88 0.01 30.21 10.66 -209.90 -381.79 -121.89 -184.88
3064.28 0.01 -8.56 -2.86 -273.16 -335.93 -144.33 -168.51
3140.21 0.01 -12.28 -4.21 -271.58 -339.34 -148.83 -164.67
3149.97 0.01 -4.28 -1.46 -318.54 -288.66 -160.32 -151.90
3150.14 0.01 -4.28 -1.50 -236.30 -370.90 -134.87 -177.37
3195.74 0.01 10.28 1.73 -285.68 -314.65 -153.01 -157.71
3204.04 0.01 -7.72 -3.33 -279.39 -329.48 -151.50 -161.62
3207.48 0.01 2.40 1.37 -278.56 -325.50 -151.20 -159.69
3575.03 0.00 -22.71 -7.41 -396.85 -220.39 -178.32 -137.15
3661.56 0.00 4.99 1.73 -313.85 -288.64 -159.47 -151.13
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Table A.6: Vibrational corrections from each normal mode of conformer 3 of
NPNPA.

Freq <az?> [a]ase [a]s89 loasel(a — 8q)  [aasel(a+3dq)  [alsse(q —dq)  [a]ssg(q + dq)
33.31 7.73 -530.20 -656.44 -822.47 -826.02 -336.36 -338.50
48.52 2.29 -10004.93 -95.40 -741.19 -915.48 -321.01 -353.67
59.17 1.87 -4378.98 -1566.79 -742.90 -910.83 -315.34 -361.21
78.38 1.02 -5233.73 -216.35 -1072.38 -587.27 -384.72 -290.35
99.01 0.79 101.66 69.71 -827.37 -820.56 -333.54 -340.82
133.92 0.56 -127.35 -24.18 -838.21 -810.86 -340.95 -333.80
201.38 0.19 51.23 -2.97 -830.20 -817.39 -337.31 -337.33
236.08 0.15 42.14 19.41 -789.78 -857.74 -323.60 -350.65
259.30 0.14 -89.01 -42.16 -833.25 -816.93 -333.52 -341.98
277.63 0.10 -131.21 -26.16 -820.66 -830.78 -336.96 -338.27
303.44 0.10 -19.57 -19.93 -863.25 -785.58 -350.65 -324.51
335.11 0.08 -109.81 -34.00 -930.82 -721.11 -377.55 -298.18
351.21 0.06 -13.36 -3.06 -868.35 -780.41 -346.49 -328.22
423.03 0.05 92.51 12.42 -545.26 -1098.55 -278.43 -395.57
453.53 0.05 48.23 12.10 -815.05 -830.64 -335.99 -337.96
504.17 0.04 66.18 21.05 -832.12 -812.01 -334.98 -338.30
524.27 0.04 215.45 67.59 -728.81 -905.19 -309.21 -360.91
539.01 0.04 268.09 66.19 -723.35 -906.46 -311.42 -358.62
577.21 0.03 35.03 6.61 -747.70 -897.93 -316.80 -357.30
637.25 0.03 -36.09 -1.74 -906.83 -744.56 -359.94 -314.81
665.45 0.03 137.85 37.23 -849.32 -786.41 -347.09 -324.12
682.73 0.03 46.80 16.70 -806.15 -837.73 -331.65 -341.38
703.61 0.03 78.60 10.97 -645.30 -995.31 -283.56 -389.97
717.07 0.03 -283.58 -93.62 -1043.97 -632.63 -413.11 -270.84
751.35 0.02 -167.35 -59.44 -947.17 -718.79 -379.03 -301.85
763.80 0.02 -183.69 -58.85 -900.82 -767.25 -361.67 -319.27
816.91 0.02 23.17 4.89 -795.77 -849.81 -328.39 -345.64
825.89 0.02 56.69 10.00 -718.98 -922.61 -311.18 -362.24
834.31 0.02 169.86 14.49 -751.20 -876.80 -322.29 -350.58
852.92 0.02 -19.44 -8.98 -832.36 -818.30 -340.18 -335.52
873.08 0.02 -10.42 -6.44 -891.64 -757.95 -357.49 -317.92
964.74 0.02 11.61 2.78 -838.26 -808.39 -341.43 -332.78
971.61 0.02 15.20 5.16 -872.00 -774.13 -346.14 -327.73
982.19 0.02 16.70 7.75 -813.31 -832.58 -331.97 -341.52

1018.81 0.02 -22.77 -3.09 -885.00 -766.67 -351.38 -323.68
1056.24 0.02 -18.48 -7.82 -797.62 -853.52 -330.37 -345.44
1113.22 0.02 -15.22 -7.34 -781.10 -869.67 -323.59 -352.21
1136.66 0.01 39.30 5.68 -815.90 -825.81 -336.74 -336.91
1145.51 0.01 -5.81 -3.38 -823.13 -826.13 -339.69 -335.48
1178.33 0.01 -3.46 -3.69 -846.47 -802.41 -344.46 -330.78
1217.00 0.01 -7.19 -2.17 -848.02 -801.55 -347.79 -327.20
1226.07 0.01 -50.98 -18.30 -884.18 -773.32 -357.58 -320.33
1296.54 0.01 28.77 7.88 -893.49 -749.28 -353.98 -319.11
1330.61 0.01 -61.16 -20.95 -918.34 -741.97 -374.17 -304.55
1341.12 0.01 2.32 -0.25 -829.35 -818.47 -340.35 -334.30
1361.67 0.01 -25.13 -12.61 -915.97 -737.37 -371.22 -305.92
1367.60 0.01 -8.95 -4.30 -843.77 -806.32 -342.66 -332.81
1376.56 0.01 -67.43 -27.70 -982.90 -679.11 -393.83 -286.41
1390.14 0.01 18.09 -4.91 -941.91 -702.65 -373.83 -301.78
1429.87 0.01 -0.61 -1.42 -826.78 -821.63 -337.71 -337.19
1463.53 0.01 1.75 3.09 -789.23 -858.67 -329.51 -344.42
1516.38 0.01 3.21 0.76 -790.27 -857.29 -325.39 -349.04
1520.44 0.01 1.82 0.80 -841.71 -806.16 -343.30 -331.12
1528.47 0.01 20.10 4.73 -858.58 -785.15 -347.52 -326.01
1547.92 0.01 4.23 2.35 -863.67 -783.64 -348.70 -325.36
1575.38 0.01 124.29 15.30 -844.23 -775.04 -337.71 -333.32
1643.81 0.01 -3.08 1.27 -869.22 -779.81 -346.75 -327.54
1651.44 0.01 -32.16 -5.92 -890.68 -765.47 -357.31 -318.74
1837.88 0.01 68.44 15.74 -820.17 -809.46 -341.45 -328.86
3027.21 0.01 -11.49 -4.39 -788.21 -865.23 -327.83 -348.74
3058.79 0.01 -4.98 -1.94 -816.51 -834.03 -334.02 -341.46
3131.60 0.01 -3.08 -1.03 -835.66 -814.05 -339.23 -335.85
3148.16 0.01 2.76 0.60 -821.50 -825.49 -337.10 -337.22
3156.31 0.01 -5.21 -1.94 -831.06 -819.66 -337.79 -337.72
3185.58 0.01 -1.14 -0.59 -823.21 -825.61 -337.64 -337.24
3203.58 0.01 -0.86 -0.65 -829.78 -818.91 -338.62 -336.29
3204.79 0.01 -3.41 -1.89 -830.93 -818.97 -339.02 -336.48
3530.91 0.00 -15.79 -5.19 -782.67 -873.88 -320.80 -356.52
3567.12 0.00 -2.93 -2.68 -936.01 -713.82 -370.73 -305.29
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Table A.7: Vibrational corrections from each normal mode of conformer 2 of S-
NPNPSA.

Freq <z?> [a]ase [a]s89 [aszel(a — 8q)  [aasel(a +3dq)  [alsso(q —dq)  [a]ssg(q + dq)
17.72 7.73 -19140.31 -5510.09 -124.80 -137.60 -27.71 -32.68
27.20 2.29 -3981.88 -1149.41 -133.73 -127.66 -30.62 -29.48
40.23 1.87 -1860.42 -563.76 -138.81 -122.60 -32.15 -27.97
55.02 1.02 -40.30 -171.26 -263.82 3.36 -65.96 5.97
67.40 0.79 -733.51 -195.15 -113.37 -148.14 -24.75 -35.36
87.74 0.56 -403.34 -111.82 -127.86 -133.57 -30.16 -29.94
121.13 0.19 -339.34 -93.32 -125.13 -136.89 -28.20 -32.06
155.98 0.15 -136.54 -39.01 -131.57 -129.90 -30.61 -29.51
160.82 0.14 -30.66 -2.45 -129.59 -131.08 -30.08 -29.76
217.07 0.10 -91.30 -29.27 -133.80 -127.93 -31.16 -29.08
226.12 0.10 -95.67 -26.50 -132.67 -129.23 -31.22 -29.01
256.70 0.08 -56.46 -19.50 -128.69 -132.83 -29.32 -30.88
260.35 0.06 -89.07 -23.52 -125.18 -137.02 -28.18 -32.11
300.94 0.05 -24.80 -8.91 -134.68 -126.38 -31.13 -28.92
317.67 0.05 -41.99 -9.88 -143.76 -117.85 -33.21 -26.89
328.06 0.04 -35.74 -11.69 -136.15 -125.34 -30.84 -29.33
401.74 0.04 -32.30 -10.53 -158.15 -103.62 -36.81 -23.45
411.66 0.04 -15.42 -2.53 -61.94 -199.15 -14.99 -44.94
423.07 0.03 -62.40 -18.52 -164.15 -99.10 -38.03 -22.63
445.34 0.03 -43.99 -11.20 -110.16 -152.42 -24.68 -35.69
469.62 0.03 -37.77 -10.90 -132.66 -129.77 -29.19 -31.21
496.75 0.03 -5.70 -1.38 -144.51 -116.24 -33.39 -26.51
532.76 0.03 -48.60 -8.91 -141.57 -121.96 -30.75 -29.64
540.21 0.03 -16.85 -8.43 -135.34 -126.18 -33.23 -27.14
569.39 0.02 -19.65 -6.12 -113.40 -148.40 -22.92 -37.33
586.75 0.02 -15.03 -4.92 -120.36 -141.16 -26.80 -33.38
619.85 0.02 -28.18 -11.68 -128.37 -134.27 -32.25 -28.49
633.21 0.02 -13.20 -2.84 -127.74 -133.75 -26.94 -33.11
635.71 0.02 -15.84 -3.56 -126.98 -134.73 -29.04 -31.07
693.07 0.02 -32.30 -7.58 -148.99 -114.37 -36.93 -23.58
732.17 0.02 -27.81 -10.78 -125.09 -138.04 -28.24 -32.63
743.10 0.02 -36.58 -10.98 -124.15 -139.90 -28.80 -32.11
756.18 0.02 -20.13 -4.54 -135.36 -127.10 -30.81 -29.47
832.58 0.02 -7.04 -1.50 -123.83 -137.39 -28.17 -31.82
840.07 0.02 -9.67 -2.87 -152.10 -109.43 -35.03 -25.12
862.81 0.02 -11.32 -2.28 -129.96 -131.80 -31.56 -28.53
872.24 0.02 -10.01 -1.92 -123.53 -138.09 -28.18 -31.87
889.26 0.01 -27.34 -6.12 -126.07 -137.70 -30.95 -29.62
972.37 0.01 -19.65 -4.80 -114.36 -148.72 -25.57 -34.90
983.17 0.01 -6.64 -2.85 -107.78 -153.55 -25.09 -35.12
991.52 0.01 -6.14 -0.43 -146.10 -115.17 -32.88 -27.00
1026.31 0.01 -6.20 -1.67 -127.56 -133.75 -29.22 -30.84
1081.93 0.01 -30.79 -6.78 -160.23 -104.87 -38.55 -22.30
1088.94 0.01 -12.28 -4.05 -135.71 -126.59 -33.72 -26.72
1123.94 0.01 -13.46 -3.41 -123.24 -139.31 -29.09 -31.27
1126.16 0.01 -22.89 -4.48 -154.56 -109.49 -36.43 -24.10
1127.86 0.01 -11.65 -3.34 -126.59 -135.68 -28.53 -31.82
1136.07 0.01 -8.68 -2.69 -130.00 -131.81 -30.22 -30.03
1142.17 0.01 -11.43 -2.86 -139.74 -122.52 -34.02 -26.26
1199.88 0.01 -12.33 -3.78 -130.17 -132.34 -28.66 -31.80
1201.42 0.01 -2.42 -1.00 -135.41 -125.42 -31.71 -28.28
1281.17 0.01 -18.91 -5.90 -135.74 -128.11 -32.76 -28.13
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Table A.7: Vibrational corrections from each normal mode of conformer 2 of S-
NPNPSA.

Freq <az?> [oas6 [a]lssg  [aasel(q — dq)  [casel(a +dq)  [alsso(q —dq)  [a]ss9(q + dq)
53 1308.63 0.01 -6.90 -1.35 -118.46 -143.24 -23.41 -36.66
54 1325.96 0.01 -5.37 -1.70 -120.69 -140.74 -26.24 -33.90
55 1362.76 0.01 -9.67 -2.69 -119.08 -143.21 -25.41 -34.93
56 1370.24 0.01 20.89 4.48 -107.37 -148.99 -23.09 -35.86
57 1375.65 0.01 -16.34 -5.43 -132.68 -130.93 -31.66 -29.22
58 1396.09 0.01 -280.16 -36.89 -76.60 -239.33 -16.85 -50.28
59 1435.80 0.01 -1.77 0.15 -136.14 -124.64 -33.45 -26.34
60 1436.86 0.01 -8.09 -2.21 -101.14 -160.93 -18.46 -41.81
61 1450.39 0.01 -10.63 -3.45 -124.08 -138.53 -26.52 -34.01
62 1517.97 0.01 -4.26 -1.16 -128.96 -132.38 -29.03 -31.04
63 1519.51 0.01 -5.33 -1.48 -130.96 -130.61 -30.06 -30.08
64 1521.77 0.01 -3.51 -0.92 -132.31 -128.87 -30.66 -29.36
65 1597.94 0.01 13.07 2.29 -106.17 -151.28 -23.07 -36.23
66 1637.28 0.01 -57.55 -12.75 -82.46 -191.36 -15.30 -47.49
67 1658.31 0.01 4.96 3.18 -156.85 -102.40 -37.91 -21.16
68 1799.02 0.00 -13.16 -3.59 -151.74 -112.05 -39.16 -21.58
69 2999.97 0.00 -12.97 -5.13 -106.90 -159.06 -19.80 -42.21
70 3070.47 1.00 1.49 0.96 -113.39 -146.38 -22.42 -36.98
71 3143.73 2.00 4.78 2.35 -118.11 -140.17 -24.07 -34.70
72 3157.19 3.00 -3.43 -1.22 -160.65 -101.31 -43.42 -16.95
73 3169.29 4.00 -3.92 -1.44 -132.88 -129.31 -31.49 -28.98
74 3194.99 5.00 -0.86 -0.04 -132.30 -128.51 -30.98 -28.86
75 3204.28 6.00 -3.53 -1.36 -136.82 -125.21 -33.26 -27.18
76 3205.67 7.00 -2.17 -0.57 -135.85 -125.56 -32.21 -27.87
77 3464.06 8.00 -4.36 -0.71 -149.79 -112.78 -35.18 -24.99
78 3664.18 9.00 -3.03 -1.00 -136.33 -125.67 -32.05 -28.29

Table A.8: Vibrational corrections from each normal mode of conformer 4 of S-
NPNPSA.

Freq <az?> [a]a36 [a]589 loaszel(q — 0q)  [aasel(a+0q)  [a]sso(a —da)  [a]ss9(q + dq)
4.59 7.73 -402334.82  -56240.35 -671.37 -631.08 -261.72 -255.13
27.89 2.29 -1288.06 -741.61 -651.63 -648.36 -257.81 -258.84
49.40 1.87 -5216.98 -599.08 -689.14 -614.70 -267.55 -249.39
52.56 1.02 -11981.30 -1014.99 -593.79 -716.73 -244.94 -272.44
75.53 0.79 -2115.70 -596.05 -669.30 -634.30 -266.90 -250.67
91.58 0.56 -88.09 -88.09 -652.53 -647.37 -258.94 -257.76
138.30 0.19 22.95 11.48 -647.26 -652.26 -256.86 -259.53
156.98 0.15 -6.42 -28.26 -629.24 -670.47 -251.72 -264.96
194.82 0.14 195.24 67.35 -652.03 -645.34 -258.05 -257.62
228.71 0.10 96.22 41.15 -647.66 -650.48 -255.73 -260.08
237.22 0.10 -1.18 -4.14 -655.17 -644.51 -260.54 -255.99
251.00 0.08 78.56 29.93 -679.06 -619.13 -268.45 -247.45
267.04 0.06 132.46 41.60 -652.49 -644.40 -259.87 -255.72
287.59 0.05 84.71 28.94 -624.71 -672.93 -250.62 -265.15
306.32 0.05 -13.15 -10.14 -646.68 -653.33 -257.35 -259.38
349.51 0.04 137.22 41.74 -638.32 -656.77 -255.08 -259.99
364.48 0.04 -10.64 -6.44 -682.81 -617.23 -272.09 -244.60
383.42 0.04 57.25 21.15 -693.35 -604.09 -271.93 -243.71
412.36 0.03 51.88 19.51 -679.97 -617.43 -263.91 -251.70
448.37 0.03 55.02 21.36 -665.34 -631.59 -264.50 -250.90
460.26 0.03 -38.54 -12.20 -652.55 -649.10 -256.90 -260.19
475.00 0.03 63.73 19.95 -654.34 -641.87 -259.03 -256.35
513.93 0.03 6.25 2.47 -687.87 -611.41 -273.16 -243.15
536.47 0.03 71.49 15.01 -670.89 -624.15 -265.38 -250.11
543.44 0.02 -15.80 -6.99 -681.33 -619.37 -269.85 -247.07
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Table A.8: Vibrational corrections from each normal mode of conformer 4 of S-
NPNPSA.

2

Freq <z > [o]a36 lalsge  [oasel(a —6q)  [casel(a+dq)  [alssg(a —dq)  [alsso(q + dq)
586.33 0.02 -41.30 -6.84 -673.62 -620.06 -261.82 -255.14
621.15 0.02 8.73 7.34 -670.86 -628.11 -264.11 -251.77
634.81 0.02 18.20 2.58 -664.99 -633.19 -261.74 -254.51
689.41 0.02 114.48 28.87 -641.03 -648.28 -255.20 -258.65
704.12 0.02 6.03 4.63 -634.38 -664.72 -248.64 -267.39
740.79 0.02 7374 -11.94 -714.69 -592.26 -280.31 -237.33
754.38 0.02 -67.08  -25.43 -645.59 -660.85 -256.04 -262.99
762.41 0.02 -2.34 1.27 -670.89 -629.01 -265.99 -250.34
832.31 0.02 -27.65 -8.89 -651.15 -651.65 -261.62 -255.85
840.18 0.02 -0.44 0.00 -635.73 -663.98 -255.91 -260.55
858.89 0.02 -84.65  -10.44 -610.72 -698.91 -248.31 -269.38
872.09 0.02 -11.60 -3.50 -653.45 -647.60 -262.37 -254.51
876.69 0.01 -23.22 -2.49 -620.59 -681.87 -251.37 -265.39
971.85 0.01 3.10 -0.07 -646.51 -652.73 -257.21 -259.26
984.98 0.01 -3.20 -1.53 -658.79 -641.31 -260.24 -256.43
991.03 0.01 4.12 2.97 -641.20 -657.89 -256.03 -260.02
1025.05 0.01 8.44 3.07 -709.91 -588.54 -271.61 -244.41
1064.92 0.01 -21.75 -7.63 -647.64 -655.27 -254.79 -262.81
1070.65 0.01 -13.91 -4.32 -650.87 -650.88 -260.40 -256.71
1119.07 0.01 -60.37  -14.47 -608.71 -700.46 -249.21 -269.53
1125.32 0.01 -27.26 -3.09 -682.87 -621.11 -263.63 -253.32
1126.08 0.01 -14.82 -1.95 -691.25 -610.76 -271.49 -245.28
1137.97 0.01 -1.56 -0.50 -657.67 -642.24 -260.43 -256.11
1150.06 0.01 4.07 1.97 -643.19 -655.81 -254.14 -262.00
1203.17 0.01 1.06 0.18 -655.98 -643.50 -259.55 -256.88
1234.09 0.01 -8.48 -2.69 -669.13 -632.01 -266.45 -250.48
1268.69 0.01 18.43 8.30 -647.62 -648.73 -254.45 -260.52
1327.99 0.01 -3.19 -0.05 -654.70 -645.56 -260.26 -256.21
1333.65 0.01 9.36 5.98 -623.21 -674.68 -250.14 -265.19
1348.57 0.01 -12.55 -3.45 -650.94 -651.12 -259.70 -257.42
1369.59 0.01 47.30 15.13 -723.11 -567.36 -278.76 -234.76
1389.59 0.01 -19.52 -3.75 -615.84 -687.67 -246.37 -270.83
1396.91 0.01 150.72 31.73 -618.63 -651.15 -258.31 -251.86
1437.02 0.01 1.03 0.05 -641.91 -657.54 -253.99 -262.46
1437.85 0.01 -1.18 -0.59 -642.58 -657.32 -258.42 -258.16
1450.91 0.01 19.27 7.96 -641.27 -654.42 -251.80 -263.02
1510.31 0.01 -1.12 -1.12 -652.07 -647.83 -259.55 -257.15
1515.45 0.01 3.81 1.35 -652.01 -646.83 -258.87 -257.30
1518.45 0.01 -8.11 -2.22 -678.79 -622.62 -264.67 -252.27
1599.88 0.01 S181.11  -32.40 -679.10 -661.76 -260.29 -263.54
1636.39 0.01 -65.91  -11.95 -693.53 -621.47 -266.77 -252.47
1658.96 0.01 -62.55 -2.16 -566.18 -748.24 -235.80 -281.17
1830.85 0.00 -27.98 -5.49 -686.78 -620.17 -273.83 -244.06
3043.31 0.00 7.87 3.39 -640.65 -655.60 -252.98 -262.01
3071.83 1.00 0.25 0.05 -641.47 -658.08 -255.23 -261.21
3146.31 2.00 1.50 0.45 -655.72 -643.27 -261.25 -255.01
3157.63 3.00 171 -1.00 -665.31 -635.12 -265.25 -251.66
3167.30 4.00 -0.22 -0.42 -626.66 -673.10 -251.41 -265.24
3191.64 5.00 -1.52 -0.84 -653.07 -647.28 -258.85 -257.99
3203.02 6.00 -1.14 -0.31 -642.27 -657.91 -255.03 -261.57
3205.15 7.00 -0.37 -0.02 -661.95 -637.88 -260.89 -255.58
3439.78 8.00 4.53 1.98 -637.96 -659.48 252,77 -262.72
3532.48 9.00 -3.56 -1.03 -652.20 -649.25 -260.15 -256.83
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