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ABSTRACT

This dissertation research focuses on the effects of noncovalent interactions on vibrational

energy levels. Vibrational spectroscopy is a powerful tool for the study of the effects of weak

intermolecular interactions such as hydrogen bonding and interactions with the environment,

including solvation effects. Changes in the vibrational spectra of interacting molecules al-

low us to ascertain exactly which atoms and bonds are affected and to what extent they

are affected. Quantum mechanical methods, ab initio theory and density functional theory,

are employed to model molecular geometries, properties, and subtle interactions between

molecules. Much of this research centers on the comparison of these theoretical results to

experimental observables. Systems studied include weak interactions in crystalline pyrimi-

dine, pyrimidine and hydrogen bond donor solvents (such as water, methanol, and ethylene

glycol), interactions between pyrimidine and silver for surface enhanced Raman spectroscopy

applications, and intermolecular interactions (more specifically dihydrogen bonding) in am-

monia borane clusters.

ii



ACKNOWLEDGEMENTS

This research has been supported by the National Science Foundation (EPS-0903787,

CHE-0955550, and CHE-0957317). Some of the computations were performed using re-

sources at the Mississippi Center for Supercomputing Research.

iii



TABLE OF CONTENTS

ABSTRACT ii

ACKNOWLEDGEMENTS iii

LIST OF FIGURES vii

LIST OF TABLES xi

1 RAMAN SPECTROSCOPY 1

1.1 Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Depolarization Ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Surface Enhanced Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 ELECTRONIC STRUCTURE THEORY 8

2.1 Fundamentals of Quantum Chemistry . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Basis Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 The Hartree-Fock Approximation . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 A Brief Introduction to Computational Methods . . . . . . . . . . . . . . . . . . 14

2.4.1 ab Initio Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.2 Density Functional Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 Research Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

iv



3 SPECTROSCOPIC AND COMPUTATIONAL INSIGHT INTO WEAK

NONCOVALENT INTERACTIONS IN CRYSTALLINE PYRIMIDINE 19

3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.3 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.4 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 RAMAN SPECTROSCOPIC AND COMPUTATIONAL STUDY OF A

BLUE SHIFTING HYDROGEN BOND ACCEPTOR 38

4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.3 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5.1 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5.2 Theoretical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.6.1 Effects of Charge Transfer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.6.2 Effects of Explicit Solvation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

v



5 SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS) 71

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.2 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.3 Theoretical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6 HIGH LEVEL ELECTRONIC STRUCTURE CALCULATIONS ON AM-

MONIA BORANE 79

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.2 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.3 Experimental Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

BIBLIOGRAPHY 93

VITA 106

vi



LIST OF FIGURES

Figure Number Page

1.1 Generic diagram of Raman scattering, Rayleigh scattering, and IR absorption

and emission processes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.1 Crystal structure of pyrimidine showing the eight C-H· · ·N interactions involved

with each pyrimidine molecule . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Polarized Raman spectra of liquid pyrimidine in the C-H stretching region com-

pared to a simulated spectrum from B3LYP/6-311++G(2df, 2pd) harmonic

vibrational frequencies that have been scaled by 0.963. The peaks marked

with an asterisk appear to be less affected by polarized detection. . . . . . . 27

3.3 Polarized Raman spectra of pyrimidine in the C-H stretching region compared

to simulated spectra from B3LYP/6-311++G(2df, 2pd) (scaled by 0.963),

B3LYP/aug-cc-pVTZ (scaled by 0.964), and MP2/6-311++G(2df, 2pd) (scaled

by 0.945) harmonic vibrational frequencies. . . . . . . . . . . . . . . . . . . . 28

3.4 Solid and liquid phase spectra of pyrimidine . . . . . . . . . . . . . . . . . . . . 31

3.5 Solid and liquid phase Raman spectra of pyrimidine including Lorentzian fit

functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.1 Pyrimidine (Py) monomer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

vii



4.2 Change in overall charge on a central pyrimidine molecule (me−) in ten pyrim-

idine/solvent structures (AN: 1+1, E: 1s+1s, M: 2(s)+0 and 2(f)+0, TG:

DimerOH(s)+0, andW: 3(s)+1, Pentamer+0, 3(s)+3(s), Cage+0, Pentamer+2(s))

versus the Raman shift of ν1 (cm−1) at three different levels of theory. . . . . 46

4.3 Raman spectra of pyrimidine with varying mole fractions of methanol and ethy-

lene glycol a) χpy=1.00 b) χpy=0.85 c) χpy=0.70 d) χpy=0.50 e) χpy=0.30 f)

χpy=0.10 g) χpy=0.00 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4 Comparison of the ring breathing mode, ν1, of a) pure pyrimidine and χpy=0.10

of b) pyrimidine/methanol c) pyrimidine/ethylene glycol d) pyrimidine/water 49

4.5 Raman spectra of the ring breathing mode, ν1, of pyrimidine in various solvents.

Spectra were recorded with a range of pyrimidine/solvent mole fractions a)

χpy=1.00 b) χpy=0.85 c) χpy=0.70 d) χpy=0.50 e) χpy=0.30 f) χpy=0.10. As-

terisks denote peaks from solvent. . . . . . . . . . . . . . . . . . . . . . . . . 51

4.6 Minimum energy structures of pyrimidine with 1-5 methanol molecules optimized

at the B3LYP/6-311++G(2df, 2pd) level of theory. . . . . . . . . . . . . . . . 53

4.7 Minimum energy structures of pyrimidine with 1-4 ethylene glycol molecules

optimized at the B3LYP/6-311++G(2df, 2pd) level of theory. . . . . . . . . . 54

4.8 Minimum energy structures of pyrimidine with various solvent molecules (acetic

acid, acetonitrile, hexylamine, phenylmethanol, and thioglycol) optimized at

the B3LYP/6-311++G(2df, 2pd) level of theory. . . . . . . . . . . . . . . . . 55

viii



4.9 Minimum energy structures with two pyrimidine molecules and one or two solvent

molecules optimized at the B3LYP/6-311++G(2df, 2pd) level of theory. Sol-

vents include methanol, ethylene glycol and water. The pyrimidine molecules

are labeled a and b to correspond to Table 4.6 except for Py2E and Py2W

where the pyrimidines are symmetrically equivalent (C2 point group) . . . . 61

4.10 Change in overall charge on a central pyrimidine molecule (me−) when clustered

with water, methanol, and ethylene glycol versus the Raman shift (cm−1) of

ν1, ν6b, ν8b , modes that exhibited mixing were excluded . . . . . . . . . . . . 64

4.11 Change in overall charge on a central pyrimidine molecule (me−) when clus-

tered with water, methanol, ethylene glycol, acetic acid, thioglycol, phenyl-

methanol, hexylamine, and acetonitrile versus the Raman shift (cm−1) of ν1,

ν6b, ν8b , modes that exhibited mixing were excluded . . . . . . . . . . . . . . 65

4.12 Experimental spectrum at χpy=0.50 (blue) and χpy=0.10 (red) mole fractions

and scaled (0.979) harmonic vibrational frequencies represented by bars. . . 67

5.1 SERS spectra of (A) a single rhodamine molecule and (B) the same citrate ions

in aqueous solution at different times along with (C) an optimized structure

of three water molecules hydrogen bonded to a citrate ion. . . . . . . . . . . 73

5.2 Experimental setup for vacuum studies and photograph of apparatus. . . . . . . 75

5.3 Optimized molecular clusters composed of pyrimidine, silver, and water . . . . . 77

6.1 B-N bond lengths and vibrational frequencies of the B-N stretch in ammonia

borane monomer versus basis set order. . . . . . . . . . . . . . . . . . . . . . 84

6.2 Structures of ammonia borane clusters. . . . . . . . . . . . . . . . . . . . . . . . 86

ix



6.3 B-N bond lengths and vibrational frequencies of the B-N stretch in ammonia

borane C2h dimer versus basis set order. . . . . . . . . . . . . . . . . . . . . 87

6.4 Raman spectrum of solid state ammonia borane. . . . . . . . . . . . . . . . . . . 90

6.5 Comparison of theoretical and experimental B-N stretching frequenciesin am-

monia borane between theoretical monomer (M06-2X/cc-pVTZ), theoretical

cluster (D2d tetramer and M06-2X/6-311++G(2df, 2pd)), and experimental

(solid state). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

x



LIST OF TABLES

Table Number Page

3.1 Normal modes, overtones, and combination bands (cm−1) of liquid and crystalline

pyrimidine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Unscaled calculated harmonic vibrational energies and shifts (cm−1) of a pyrim-

idine monomer and pyrimidine in a crystalline environment compared to ex-

perimental shifts. See Computational Details for a detailed description of the

Xtal and H-Opt models of the crystalline environment. . . . . . . . . . . . . 35

4.1 Original location of select vibrational modes of pyrimidine and the maximum

shift observed in solvent (in cm−1). . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of

the pyrimidine molecule (me−) in pyrimidine/methanol structures. . . . . . . 56

4.3 Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of

the pyrimidine molecule (me−) in pyrimidine/ethylene glycol structures. . . 57

4.4 Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of

the pyrimidine molecule (me−) in pyrimidine/solvent structures. . . . . . . . 58

4.5 Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of

the pyrimidine molecule (me−) in pyrimidine/water structures with n=1 - 7. 59

xi



4.6 Vibrational shifts (cm−1) of ν1 compared to pyrimidine monomer. a and b refer

to different pyrimidine molecules in the pyrimidine/solvent structure (Figure

4.9) except for Py2E and Py2W where a and b refer to the symmetric and

asymmetric ring breathing motions respectively. . . . . . . . . . . . . . . . . 62

5.1 Vibrational shifts of select normal modes of pyrimidine interacting with water

and/or silver atoms compared to the pyrimidine monomer (in cm−1). . . . . 76

5.2 Original location of select vibrational modes of pyrimidine and the shift observed

in Raman and SERS spectra of pyrimidine and pyrimidine/water (in cm−1). 78

6.1 Calculated B-N bond lengths in ammonia borane with different methods and

correlation consistent basis sets. . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.2 Calculated B-N stretching frequencies in ammonia borane with different methods

and correlation consistent basis sets. . . . . . . . . . . . . . . . . . . . . . . 83

6.3 Polarizable continuum model (PCM) calculations: B-N bond lengths and B-N

stretching frequencies of ammonia borane in solvents with various dielectric

constants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

6.4 Comparison of bond length, vibrational frequencies, and interaction energies of

ammonia borane dimers calculated with many combinations of methods and

basis sets. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

6.5 Calculated bond lengths, vibrational frequencies, interaction energies, and av-

erage bond dissociation energies of several ammonia borane clusters at the

M06-2X/6-311++G(2df, 2pd) level of theory. . . . . . . . . . . . . . . . . . . 89

xii



CHAPTER 1

RAMAN SPECTROSCOPY

1.1 Spectroscopy

Spectroscopy is the study of light matter interactions [1,2]. Experimentally, this consists

of the detection and analysis of emitted or scattered photons. In the experiments described

here, a monochromatic light source, typically a laser, is used to irradiate an atom or molecule.

For most spectroscopic emission techniques, a photon of known energy is absorbed by the

sample. The sample is excited to higher levels of rotational, vibrational, or electronic energy.

A photon is then emitted by the sample and detected. The energy of the detected photon

provides information directly related to the various energy levels of the sample.

Some spectroscopic techniques, referred to as light scattering techniques, do not involve

the absorption of a photon and the emission of a second photon but rather the scattering of

photons. The energy of the detected photon relative to the incident beam thus gives informa-

tion related to the energy levels of the sample. Raman spectroscopy, a common vibrational

spectroscopic technique, is a light scattering technique that has grown in popularity in recent

years.
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1.2 Raman Spectroscopy

Light in the visible region of the electromagnetic spectrum is employed here as the

excitation source in Raman spectroscopy. Most photons are Rayleigh scattered, meaning

the photons preserve the same frequency as the incident beam. Raman scattered photons,

approximately one in every 100,000 photons [3], have frequencies shifted from the incident

beam. The magnitude of shift corresponds to the energy gap between two vibrational states

(rotational information can also be obtained from Raman spectroscopy but this dissertation

only focuses on vibrational Raman spectroscopy).

Δν = |νm − νI | (1.1)

where νm is a vibrational frequency of the irradiated molecule and νI is the frequency of the

incident beam. This is in contrast to Infrared (IR) spectroscopy in which wavelengths in

the IR region of the electromagnetic spectrum are directly absorbed. At wavelengths where

the photons directly correspond to the energy difference between two vibrational states (in

the IR region of the spectrum), the photons are absorbed (Figure 1.1). The dotted lines in

Figure 1.1 are referred to as “virtual states”. These lines do not represent real excited states

in Raman spectroscopy. The excitation light is often selected to be lower in energy than the

first electronic excited state of the molecule. Resonance Raman scattering is achieved when

the excitation light is higher in energy than the first electronic excited state.

Frequencies of Raman scattered photons can be higher in energy (Stokes scattering) or

lower in energy (anti-Stokes scattering) relative to the incident beam (Figure 1.1). While

2



Figure 1.1: Generic diagram of Raman scattering, Rayleigh scattering, and IR absorption
and emission processes.
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both Stokes and anti-Stokes lines provide the same information, Stokes lines are stronger

than anti-Stokes lines because the ground state of the molecules is more populated than the

excited vibrational states. For this reason, typically only the Stokes lines are measured [3].

When the sample is irradiated by electromagnetic radiation, the applied electric field

induces a dipole moment in the molecules.

�μ = α�E (1.2)

⎡
⎢⎢⎢⎣
μx

μy

μz

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣
αxx αxy αxz

αyx αyy αyz

αzx αzy αzz

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
Ex

Ey

Ez

⎤
⎥⎥⎥⎦ (1.3)

�μ represents the induced dipole moment vector, α is the polarizability, and �E is the electric

field strength vector. For isotropic (spherically symmetric) molecules, the induced dipole

is parallel to the electric field and equation 1.2 is sufficient. Anisotropic molecules require

equation 1.3 where α becomes a symmetric matrix called the polarizability tensor. Electric

field strength is dependent on time and frequency of the incident beam.

E = E0 cos(2πνIt) (1.4)

E0 is the vibrational amplitude and νI is the frequency of the incident beam. For a molecule

carrying out small vibrations [4], α can be expressed in terms of a Taylor-Maclaurin series.

α = α0 +

(
∂α

∂q

)
0

q + · · · (1.5)
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q = q0 cos(2πνmt) (1.6)

where α0 is the polarizability at the equilibrium position, q is the nuclear displacement, and

q0 is the vibrational amplitude. Raman activity is determined by a change in polarizability.

If (∂α
∂q
)0, the rate of change of polarizability with respect to the change in displacement

evaluated at equilibrium, is zero, the vibration is not Raman active. Combining equations

1.2, 1.4, 1.5, and 1.6 gives

μ = α0E0 cos(2πνIt) +
1

2

(
∂α

∂q

)
0

q0 E0

[
cos

(
2π(νI + νm)t

)
+ cos

(
2π(νI − νm)t

)]
(1.7)

The first term in 1.7 represents Rayleigh scattering. The second term represents both anit-

Stokes (νI + νm) and Stokes (νI - νm) Raman scattering.

1.3 Depolarization Ratio

Polarized Raman scattering is a valuable tool for identifying peaks in Raman spectra by

providing information about symmetry of certain modes. Linearly polarized light irradiates

the sample. The intensity of light scattered parallel and perpendicular to the incident beam

are compared.

ρ =
I⊥
I‖

(1.8)

For totally symmetric modes, where the polarization is equal in all directions, ρ is less than

0.75. For non-resonance Raman scattering, non-totally symmetric modes have a ρ equal to

0.75 and are described as depolarized. This technique is demonstrated in Chapter 3.

5



1.4 Surface Enhanced Raman Spectroscopy

A major advance in studying intermolecular interactions came with the development

of single-molecule spectroscopy. A variety of spectroscopic techniques have been able to

accomplish detection down to the single molecule level. In ensemble experiments, the signal

detected is the average of emitted photons from all molecules within the sample. In single

molecule experiments, however, detection of the contribution of individual molecules gives

new insight into properties of the sample molecule. Also, analyzing the contribution of

a few interacting molecules, or a molecular cluster, gives information about intermolecular

interactions. Single molecule Raman spectroscopy can be achieved through surface enhanced

Raman spectroscopy (SERS). This method uses metallic substrates to enhance Raman signal

through plasmon resonance.

The effects of SERS were first observed in 1974 by Martian Fleischmann [5]. Fleischmann

noted a strong enhancement in Raman signal when pyridine was absorbed onto electrochem-

ically roughed silver electrode. Fleischmann contributed the enhancement to the increased

surface area of the roughed silver. In 1977 two groups, Van Duyne [6] and Creighton [7],

observed similar enhancement but both groups believed the increase of signal enhancement

was too large to be due just to an increased surface area. The two groups proposed two

separate mechanisms for enhancement. These theories are commonly referred to as the elec-

tromagnetic effect and the chemical, or charge-transfer, effect. The electromagnetic theory

contributes the enhancement to the excitation of surface plasmons when irradiated by the

incident light. The chemical theory credits the increased enhancement to charge-transfer

between the species and the metal when the species is bonding to the metal surface.

6



1.5 Experimental Methods

Two experimental setups are employed for the collection of Raman spectra in this dis-

sertation research. In one setup, a fiber optic cable perpendicular to the direction of laser

propagation collected the Raman scattered light, which was dispersed using a Princeton

Instruments SP2500 triple grating spectrograph. Spectra were acquired using a Prince-

ton Instruments ProEM 1024 CCD camera. In a second experimental setup, spectra were

collected using a high resolution Labview-controlled Jobin-Yvon Ramanor HG2-S double

grating scanning spectrometer with photomultiplier tube detection.
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CHAPTER 2

ELECTRONIC STRUCTURE THEORY

2.1 Fundamentals of Quantum Chemistry

For every quantum system, there exists a wave function Ψ from which all the physical

properties of that system can be obtained. Every physical observable has a quantum me-

chanical operator that when applied to the wave function returns the wave function and

eigenvalues providing information about the corresponding physical property. It is conve-

nient to normalize the wave function so that

∫ ∞

−∞
Ψ∗Ψdτ = 1 (2.1)

|Ψ|2 gives the probability density, the probability of finding the particle over the area inte-

grated.

One principal operator, the Hamiltonian, returns the electronic energy of the system.

Equation 2.2 is called the time-independent Schrödinger equation and equation 2.3 is the

electronic Hamiltonian for a molecule.

ĤΨ = EΨ (2.2)

8



Ĥ = T̂e + T̂N + V̂ee + V̂NN + V̂eN (2.3)

where Ĥ is the Hamiltonian, and T̂ and V̂ are the kinetic energy and potential energy

operators, respectively. Subscripts e and N represent electrons and nuclei, respectively.

Fortunately the Hamiltonian can be simplified by applying the Born-Oppenheimer approx-

imation which separates electronic and nuclear motions. This approximation relies on the

nuclei’s larger mass rendering the nuclei nearly stationary relative to electronic motion. The

kinetic energy of the nuclei is eliminated and the potential energy between nuclei becomes

constant.

Ĥ = T̂e + V̂ee + V̂NN + V̂eN (2.4)

With V̂NN constant, T̂e, V̂NN , and V̂eN have straightforward solutions. However V̂ee depends

on the interactions between electrons whose motions are correlated. This term cannot be

solved directly, thus the time-independent Schrödinger equation, representing the electronic

energy of an atom or molecule, is only solvable for one electron systems. Approximations

must be made for multi-electron systems.

2.2 Basis Sets

The Schrödinger equation can be solved for one-electron systems. Thus the solutions for

hydrogen-like orbitals are known and are often used to model all atomic orbitals. A valuable

function for accurately describing hydrogenic atomic orbitals is a Slater function.

φSTO = exp (αr) (2.5)
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Equation 2.5 is a general form (the radial dependence of a 1s function) for a Slater type

orbital (STO). Several functions describing the behavior of atomic orbitals, called basis

functions, can be combined in order to model molecular orbitals. This technique is known

as the linear combination of atomic orbitals or LCAO-MO approach. The collection of basis

functions, φ, used to describe molecular orbitals is called the basis set. The basis functions

are weighed by expansion coefficients, Ci to form the wave function.

Ψ =
N∑
i

Ciφi (2.6)

where N is the number of basis functions. The expansion coefficients are adjusted to min-

imize the energy of the wave function. Unfortunately, integrals involving multiple Slater

function, such as electron repulsion integrals, can be time consuming to evaluate. However,

replacing Slater functions with Gaussian functions simplifies the mathematics. Equation

2.7 is a general form (the radial dependence of a 1s function) for a Gaussian type orbital

(GTO).

φGTO = exp (αr2) (2.7)

The Gaussian Product Theorem guarantees that four-center two-electron integrals can be

reduced to a sum of two-center integrals and, subsequently, to a sum of one-center integrals.

Gaussian functions do not describe hydrogenic atomic orbitals as accurately as Slater func-

tions. The agreement between the functions is poorest at the “cusp” (at the nucleus) and

the “tail” (far away from the nucleus). A series of Gaussian functions (primitive Gaussians)

with predetermined coefficients and exponents can be linearly combined (contracted Gaus-
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sians) to more accurately model atomic orbitals. Because Gaussian functions are a great

deal faster to evaluate, adding the extra functions is regularly a practical choice over the use

of Slater functions.

The size of the basis set, or number of basis functions, is one key factor that determines

the accuracy of the calculation. An infinite number of basis functions is called a complete set,

but obviously this is not feasible. A minimal basis set, or single-ζ basis set, is required for all

calculations. A minimal basis set is simply the least number of functions required to comprise

all occupied orbitals. To improve the accuracy of the calculation more basis functions must

be added. Two functions employed to describe each atomic orbital results in a double-ζ

basis set, three functions for each atomic orbital gives a triple-ζ basis set, etc. Adding more

basis functions allows for greater flexibility of the system to describe the localization of the

electrons and lower the energy of the system. To account for long range interactions, such as

noncovalent interactions, diffuse functions are essential. Diffuse functions are basis functions

with a small orbital exponent that results in a Gaussian function that drops off more slowly

away from the nucleus. Another means for improving the description of molecular orbitals

is by adding polarization functions. Polarization functions add higher angular momentum

than what is necessary to describe the valence orbitals.

2.3 The Hartree-Fock Approximation

Computational chemists utilize a variety of theoretical methods for approximating the

potential energies between electrons. The most basic of these approaches is to approximate

the solution of a many-body problem (or N-electron problem) as the product of N one-
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electron wave functions, referred to as the Hartree product. One problem with this approach

is that it differentiates between indistinguishable electrons. The wave function must be

antisymmetric, i.e. change signs if any two electrons exchange spatial and spin coordinates.

A second problem with this approach is that it does not account for the Pauli exclusion

principle which states no two electrons can occupy the same spin orbital. Expressing the

wave function as a Slater determinant solves both problems.

ΨHF =

√
1

n!

⎡
⎢⎢⎢⎢⎢⎢⎣

χ1(x1) χ2(x1) · · · χn(x1)

χ1(x2) χ2(x2) · · · χn(x2)
...

...
...

χ1(xn) χ2(xn) · · · χn(xn)

⎤
⎥⎥⎥⎥⎥⎥⎦

(2.8)

The number of electrons in equation 2.8 is denoted by n. Spin orbitals are represented by

χi (i = 1, 2, · · · , n) and electrons are denoted by xi (i = 1, 2, · · · , n) in parenthesis. Now if

any two electrons exchange spatial and spin coordinates, two rows of the Slater determinant

swap changing the sign of the determinant. If two electrons occupy the same spin orbital,

two columns in the matrix are identical resulting in a determinant equal to zero.

The Hartree-Fock (HF) method uses a single Slater determinant and optimizes the spin

orbital by minimizing the total energy, compliant with equations 2.9 and 2.10. According to

the variation principle, the Hartree-Fock energy will always be higher than the true energy

of the system [8].

EHF = 〈ΨHF| Ĥ |ΨHF〉 (2.9)

f(n)χ(n) = εχ(n) (2.10)
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f(n) = −1

2
∇2

n −
nuclei∑

k

Zk

rnk
+ V HF(n) (2.11)

where f(n) is the Fock operator, ε is the orbital energies, ∇2 is the Laplacian, Z is the atomic

number of nucleus k, r is the distance between n and k, and V HF is the average potential

or “field” felt by the nth electron as a result of all other electrons. Fortunately, in 1951,

Roothaan demonstrated the differential HF equation (equation 2.10) can be converted to a

set of algebraic equations using known spatial basis functions [9]. The Roothaan equation

(equation 2.12) represents the HF equation in matrix form.

FC = SCε (2.12)

where F is the Fock matrix, C is a matrix of coefficients, S is the overlap matrix, and ε is a

diagonal matrix of orbital energies. The Roothaan equation must be solved in an iterative

manner. An initial guess is made for the spin orbitals and equation 2.12 is solved producing

a new set of spin orbitals. The new set of spin orbitals is used to repeat the procedure until

an identical set of orbitals is produced as determined by a set threshold, i.e. a self consistent

field is achieved.

The Hartree-Fock method incorporates minimal correlation between electrons with the

same spin by obeying the Pauli exclusion principle. Correlation energy is defined as the

difference between the exact nonrelativistic energy and the HF energy when the basis set

approaches completeness (HF limit).
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2.4 A Brief Introduction to Computational Methods

2.4.1 ab Initio Methods

One classification of computational methods, ab initio (or from first principle) methods,

uses only fundamental physical constants with no empirically adjusted parameters based on

experimental data to approximate the solution to the Schrödinger equation. The HF method

is the simplest of these methods. Most ab initio methods start with a HF calculation, and

then each method uses various techniques to further correct for electron correlation. These

methods are called post-Hartree-Fock methods. Two ab initio methods used in this research

include Møller-Plesset (MP) perturbation theory, and coupled-cluster (CC) theory.

Møller-Plesset Perturbation Theory

Rayleigh-Schrodinger perturbation theory estimates the Hamiltonian for an unknown

system, Ĥ, by slightly perturbing a similar system, Ĥ0, with known solutions. Møller-

Plesset (MP) perturbation theory uses the HF Hamiltonian produced by equation 2.9 to

estimate the true Hamiltonian.

Ĥ |Ψn〉 = (Ĥ0 + V̂ ) |Ψn〉 (2.13)

where V̂ is the perturbation, or simply the difference between the two systems, and Ψn is the

Slater determinant. Introducing a perturbation parameter, λ, between zero and one allows

for power series expansion (equation 2.15 and 2.16).

(Ĥ0 + λV̂ ) |Ψn〉 = En |Ψn〉 (2.14)
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En = E(0)
n + λE(1)

n + λ2E(2)
n + λ3E(3)

n + · · · (2.15)

|Ψn〉 = |Ψ(0)
n 〉+ λ |Ψ(1)

n 〉+ λ2 |Ψ(2)
n 〉+ λ3 |Ψ(3)

n 〉+ · · · (2.16)

Combining equations 2.14, 2.15, and 2.16 and combining like powers of λ gives equation

2.17.

Ĥ0 |Ψ(0)
n 〉+ λ[V̂ |Ψ(0)

n 〉+ Ĥ0 |Ψ(1)
n 〉] + λ2[Ĥ0 |Ψ(2)

n 〉+ V̂ |Ψ(1)
n 〉] + · · · =

E(0)
n Ψ(0)

n + λ[E(1)
n Ψ(0)

n + E(0)
n Ψ(1)

n ] + λ2[E(2)
n Ψ(0)

n + E(1)
n Ψ(1)

n + E(0)
n Ψ(2)

n ] + · · ·
(2.17)

Setting terms with the same λk coefficients equal provides equations representing nth order

MP approximations.

Ĥ0 |Ψ(0)
n 〉 = E(0)

n |Ψ(0)
n 〉

V̂ |Ψ(0)
n 〉+ Ĥ0 |Ψ(1)

n 〉 = E(1)
n |Ψ(0)

n 〉+ E(0)
n |Ψ(1)

n 〉

Ĥ0 |Ψ(2)
n 〉+ V̂ |Ψ(1)

n 〉 = E(2)
n |Ψ(0)

n 〉+ E(1)
n |Ψ(1)

n 〉+ E(0)
n |Ψ(2)

n 〉

(2.18)

Each equation is multiplied by 〈Ψ(0)
n | and simplified through taking advantage of orthogonal

relationships.

E(0)
n = 〈Ψ(0)

n | Ĥ0 |Ψ(0)
n 〉

E(1)
n = 〈Ψ(0)

n | V̂ |Ψ(0)
n 〉

E(2)
n = 〈Ψ(0)

n | V̂ |Ψ(1)
n 〉

(2.19)
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The first line in equation 2.19 corresponds to the zeroth order MP or MP0, the second line

corresponds to to MP1, etc. Zeroth order MP is the sum of one-electron Hamiltonians and

E
(0)
n + E

(1)
n is equivalent to the HF energy. Therefore MP2 is the first correction to incor-

porate electron correlation. HF theory uses a single Slater determinant which only includes

occupied orbitals. MP improves electron correlation my adding excited determinants (for

example, doubly excited determinants in MP2) to include virtual orbitals.

Coupled Cluster Theory

Including contributions from all possible excited determinants is called the full configu-

ration interaction (CI). The full CI can be expressed as

ΨCC = eT̂ΨHF (2.20)

where T̂ is called the cluster operator.

T̂ = T̂1 + T̂2 + T̂3 + · · ·+ T̂n (2.21)

with n representing the number of electrons. T̂1, T̂2, and T̂3 are excitation operators and

construct all possible single, double, and triple excitation determinants, respectively.

T̂1 =

occupied∑
i

virtual∑
a

taiΨ
a
i (2.22)
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where t is a coefficient determined by equation 2.20. A Taylor series expansion of the

exponential gives equation 2.23.

eT̂ = 1 + T̂ +
T̂ 2

2!
+

T̂ 3

3!
+ · · · (2.23)

ΨCC =

(
1 + T̂1 + T̂2 +

T̂ 2
1

2
+ T̂1T̂2 +

T̂ 2
2

2
+ · · ·

)
ΨHF (2.24)

From equation 2.24, it can be seen that truncating the cluster operator to double excitations

(CCSD), triple excitations are approximated through T̂1T̂2 and quadruple excitations are

approximated through T̂ 2
2 .

2.4.2 Density Functional Theory

Unlike ab initio methods, density functional theory (DFT) does not attempt to estimate

the molecular wave function. Instead, DFT methods calculate the molecular electron prob-

ability density. An immense advantage to this approach is the limited number of variables

(x, y, z) necessary to describe the electron probability. The molecular wave function requires

four variables (3 spatial and 1 spin) per electron. A disadvantage to DFT methods is that

it is not clear how to systematically improve them.

The fundamentals of DFT are based on two Hohenberg-Kohn theorems. The first,

Hohenberg-Kohn existence theorem, states all molecular electronic properties are deter-

mined by the ground state probability density. The second theorem, the Hohenberg-Kohn

variational theorem, states the trial electron density function will always be higher in energy

than the true ground state energy.
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Generalized gradient approximation (GGA) accounts for both the electron probability

density and the gradient of the density (the first derivative with respect to position). GGA

functionals consist of an exchange functional and a correlation functional. B3LYP is one

DFT method used in this research. The B stands for Becke’s three-parameter exchange

functional and LYP stands for the Lee-Yang-Parr correlation functional. B3LYP is also

called a hybrid functional because it includes the exact exchange energy from HF theory.

M06-2X, the other DFT method used in this research, is another hybrid functional that

includes two times (2X) the nonlocal exchange.

2.5 Research Applications

The ab initio and DFT methods described here are used in this dissertation research

to study noncovalent interactions. Shifts in vibrational frequencies upon complexion are

analyzed and natural bond orbital (NBO) calculations are performed to understand the role

of charge transfer in intermolecular interactions. Results from theoretical calculations are

compared to experimental findings.
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CHAPTER 3

SPECTROSCOPIC AND COMPUTATIONAL INSIGHT INTO WEAK

NONCOVALENT INTERACTIONS IN CRYSTALLINE PYRIMIDINE

3.1 Abstract

Effects of weak C-H· · ·N interactions on the vibrational spectrum of crystalline pyrim-

idine are studied using Raman spectroscopy and electronic structure computations. When

pyrimidine transitions from the liquid to solid state, peaks in the Raman spectrum exhibit

non-uniform shifts. Calculations performed on a cluster of nine pyrimidine molecules (one

pyrimidine molecule embedded in a field of its eight nearest neighbors in the crystalline ge-

ometry) predict that modes involving the movement of hydrogen atoms are associated with

the observed shifts. Assignments of fundamentals and combination bands in both the liquid

and solid states are also revisted in the complicated C-H stretching region.

3.2 Introduction

Weak noncovalent interactions at the molecular level play key roles in determining macro-

scopic structures and functions of biological macromolecules and are behind many of the

important driving forces in nature. For example, from the hydrogen bonding between DNA

base pairs [10] to protein structure and folding [11], the study of these weak interactions
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between or within biomolecules is crucial for a full understanding of biological function.

Hydrogen bonding with water plays an important part, and the position of a single water

molecule can play a pivotal role in the resulting biological function [12]. Weak hydrogen

bonds such as C-H· · ·O and C-H· · ·N interactions and π · · · π interactions are also important

in determining biological activity [13].

Nitrogen-containing heterocycles, such as pyrimidine, resemble species that participate

in noncovalent interactions in biological systems. The nucleic acids thymine, uracil, and

cytosine and the nicotinamide in NADH are all derivatives of pyrimidine as are adenine

containing building blocks of many important biological molecules including ATP. As such,

characterization of the weak intermolecular interactions involving pyrimidine is an important

step in fully understanding the properties of these important biological systems. We recently

reported how hydrogen bonding with water resulted in the blue-shifting of certain normal

modes of pyrimidine [14]. By comparing experimental polarized Raman spectra with the

results of electronic structure calculations, the origin of this blue-shifting was found to

center around charge transfer from pyrimidine to water. The same report also included, for

comparison, Raman spectra of pyrimidine as external pressure was increased until pyrimidine

crystallized. It was observed that with increasing pressure, peaks in the spectra shifted in

a non-uniform manner. Whereas some modes shifted to higher energy (blue shift), others

remained unchanged or even shifted to lower energy (red shift).

Pyrimidine crystallizes in the orthorhombic Pna21 space group with C2v symmetry and

has four molecules in its unit cell [15,16]. When studying crystalline molecules spectroscop-

ically, the entire unit cell must be considered and each of these in the crystal vibrates in
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phase with all the other unit cells [17]. With multiple orientations of the molecule in the unit

cell, splitting of normal modes can occur when the motions of the molecules are hindered

by each other. For the most part, however, this splitting is usually very small and hard to

detect experimentally. Pyrimidine possesses twenty-four normal modes, but because it has

four molecules in its unit cell, there are 24 x 4 = 96 possible individual normal modes in the

crystalline state. Crystalline pyrimidine has the C2v factor group, thus all its normal modes

are Raman active.

Vibrational spectra of crystalline pyrimidine have been reported previously in the litera-

ture [18–21]. These earlier infrared and Raman studies reported blue-shifting and splitting

of some of the normal modes. A common explanation for the origin of the blue-shifting in

crystalline solids is that the force constants change due to anharmonicity [22]. In the case

of pyrimidine, however, weak C-H· · ·N interactions exist between the pyrimidine molecules

in the crystal. For example, each pyrimidine molecule in its crystalline environment can

interact with its eight nearest neighbors as illustrated in Figure 3.1. These intermolecular

H· · ·N distances range from 2.56 – 2.72 Å [16] and are typically classified as weak hydrogen

bonds [23]. Here, we present Raman spectra of crystalline pyrimidine’s normal modes and

compare their spectral locations to that found in the liquid phase. The results of electronic

structure computations are used to facilitate this comparison and the assignment of spectral

features.
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Figure 3.1: Crystal structure of pyrimidine showing the eight C-H· · ·N interactions involved
with each pyrimidine molecule
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3.3 Experimental Details

The 514.5 nm laser line of a Coherent Innova 200 Ar ion laser was employed as the Ra-

man excitation source. The laser light passed through a half wave plate (Thorlabs) to create

vertically polarized light and through a 514.5 nm laser line filter (Thorlabs) before reaching

the sample. The laser power measured approximately 1 W at the sample. Spectra were also

acquired at lower laser powers for comparison and local heating effects were not observed.

Commercially obtained pyrimidine (Sigma-Aldrich) was used without further purification.

Two methods of detection were employed. In one setup, a fiber optic cable perpendicu-

lar to the direction of laser propagation collected the Raman scattered light, which was

dispersed using a Princeton Instruments SP2500 triple grating (2400 grooves/mm) spectro-

graph. Spectra were acquired using a Princeton Instruments ProEM 1024 CCD camera with

five minute exposure times. Alternately, spectra were acquired using a Labview-controlled

Jobin-Yvon Ramanor HG2-S Raman spectrometer employing a 90◦ scattering geometry

relative to the incident laser. This spectrometer is equipped with a double grating (2000

grooves/mm) monochromator and a photomultiplier tube detector. A linearly polarized film

(Edmund optics) was placed between the sample and the entrance to the scanning Raman

spectrometer for collection of polarized Raman spectra. Spectra obtained from both se-

tups were essentially identical. Pyrimidine was maintained in the crystalline state using a

thermoelectric cooler and the temperature was monitored constantly with a thermocouple.
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3.4 Computational Details

Density functional theory (DFT) computations were performed to investigate the effects

of weak C-H· · ·N interactions on the minimum energy structure and resulting vibrational

spectra of a single pyrimidine molecule in a crystalline environment. This environment was

modeled with a single pyrimidine surrounded by its eight nearest neighbors with the geom-

etry of the atoms taken from the known crystal structure of pyrimidine [16]. This model

is shown in Figure 3.1 and requires a total of nine pyrimidine molecules. All pyrimidine

molecules are equivalent in the crystalline phase, and here the central pyrimidine molecule

is used to study the effects of going from isolation to being embedded in a crystalline lattice.

A full geometry optimization and corresponding harmonic vibrational frequency computa-

tion (including infrared and Raman intensities) were performed on the central pyrimidine

molecule in two slightly different versions of this crystal model. In the first model (denoted

Xtal), the coordinates of all atoms in the eight peripheral pyrimidine molecules were fixed

at the values obtained from the crystal structure. In the second model (denoted H-Opt),

the positions of the hydrogen atoms in the eight nearest neighbors were also optimized (i.e.

only the coordinates of the carbon and nitrogen atoms were fixed).

The B3LYP density functional was employed using appropriate basis sets of double-

and triple-ζ quality with polarization and diffuse functions, specifically the 6-31+G(d, 2p)

and 6-311++G(2df, 2pd) split valence basis sets. This approach has been successfully used

elsewhere to compute small vibrational shifts in pyrimidine induced by complexation with

water and produces results remarkably consistent with those from second-order Møller-

Plesset perturbation theory (MP2) [14, 24].
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All computations were performed with the Gaussian 09 software package [25]. Given

the weak nature of the C-H· · ·N interactions between pyrimidine molecules, rather strict

convergence criteria were adopted. The electronic energy was converged to at least 1× 10−9

Eh by employing a threshold of 10−10 for the RMS change in the density matrix during the

self consistent field procedure. For geometry optimizations, residual Cartesian forces on the

atoms whose positions were optimized were less than 2 × 10−6 Eh bohr−1. Furthermore, a

dense numerical integration grid was used for all of the DFT calculations, a pruned grid

composed of 99 radial shells and 590 angular points per shell.

3.5 Results and Discussion

Peak assignments in pyrimidine’s C-H stretching region are complicated by a number of

concomitant combination bands and overtones. The presence of so many intense modes in

this region might point to intensity borrowing and Fermi Resonance interactions [26,27]. For

this reason, there is significant disagreement in the literature over the assignment of peaks

in this region. Pyrimidine has four C-H stretching fundamentals, three of which possess a1

and one that has b2 symmetry. The assignment of the b2 mode, ν7b, should be the most

straightforward because of its unique symmetry, but surprisingly, it has spanned a range

from 3000 to 3100 cm−1. Sbrana, et al. first assigned ν7b to a peak at 3095 cm−1 [18], but

Foglizzo and Novak [19] and later Shimada and Maehara [21] shifted the assignment to a

peak at 3079 cm−1. Others have argued that ν7b should be assigned to peaks at 3086 [28–30],

3053 [31], 3047 [32], 3038–3040 [27,33,34], and even 3018 cm−1 [35]. Disagreement over the

a1 symmetry modes have followed a similar pattern, with the exception of ν2, which most
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assign to the largest peak at approximately 3050 cm−1 [18, 19, 21, 27–30,33,35].

To confirm earlier assignments in the C-H stretching region, we compare polarized Ra-

man spectra to the results of electronic structure calculations using the B3LYP method and

a triple-ζ basis set. Shown in Figure 3.2 is a comparison of the polarized Raman spectra of

liquid phase pyrimidine with the results from a B3LYP/6-311++G(2df, 2pd) frequency calcu-

lation on an isolated pyrimidine molecule with simulated Raman intensities and appropriate

scaling for this method/basis set combination [36]. Results at the MP2/6-311++G(2df, 2pd)

and B3LYP/aug-cc-pVTZ levels yield nearly identical results and are included Figure 3.3.

Liquid phase spectra of pyrimidine deviate little from the gas phase [37]. Consequently, an

analysis of the polarized spectra of liquid pyrimidine should help confirm the assignment of

the b2 mode, ν7b.

Raman scattered light polarized perpendicularly to the incident laser polarization should

be less intense compared with the scattered light polarized parallel to the incident laser light

for modes belonging to the totally symmetric irreducible representation [26]. Therefore, the

intensity of the a1 modes should be dramatically reduced for perpendicular polarization while

the b2 mode, ν7b, should be affected to a lesser extent. A comparison of the parallel and

perpendicular components in Figure 3.2 reveals that the peak at 3014 cm−1 and the shoulder

at approximately 3038 cm−1 are indeed both affected to a lesser extent than the other peaks

in the spectrum. This suggests that these peaks do not have a1 character and are good

candidates for ν7b. A comparison with the simulated spectrum suggests that ν7b is actually

one of two overlapped peaks in the shoulder at 3038 cm−1. This assignment for ν7b agrees

with an anharmonic analysis by Boese and Martin [27] and the earlier assignment based
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Figure 3.2: Polarized Raman spectra of liquid pyrimidine in the C-H stretching region
compared to a simulated spectrum from B3LYP/6-311++G(2df, 2pd) harmonic vibrational
frequencies that have been scaled by 0.963. The peaks marked with an asterisk appear to
be less affected by polarized detection.
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Figure 3.3: Polarized Raman spectra of pyrimidine in the C-H stretching region compared
to simulated spectra from B3LYP/6-311++G(2df, 2pd) (scaled by 0.963), B3LYP/aug-cc-
pVTZ (scaled by 0.964), and MP2/6-311++G(2df, 2pd) (scaled by 0.945) harmonic vibra-
tional frequencies.
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on deuterated pyrimidines by Fazli, et al. [34]. In the latter work, Fazli, et al. compared

deuterated spectra of five different C2v deuterium substituted pyrimidines to the results of

electronic structure calculations and assigned the b2 mode ν7b to a peak at 3038 cm−1. The

authors asserted that ν7b was overlapped with the a1 mode ν13 at 3038 cm−1 and both are

a shoulder to the a1 mode ν2, which is centered around 3050 cm−1. There is no interaction

between the two modes ν7b and ν13 because they are of different symmetry.

The a1 mode ν2 is accepted to be the large peak at 3050 cm−1 and ν20a is assigned here

to the peak at 3084 cm−1 based on agreement with theory. In their analysis of deuterated

pyrimdine spectra, Fazli, et al. [34] also assigned ν20a as the highest energy fundamental

in pyrimidine. The peak at 3084 could also stem from the combination band 2ν3 + ν6b

(b2 ⊗ b2 ⊗ b2=b2), but the polarized Raman data does not support this assignment and no

other combination bands incorporating 2ν3 are observed. Table 3.1 lists the fundamentals,

overtones, and combination bands of pyrimidine of interest here. The peak at 3000 cm−1 is

likely 2ν15 + ν6a (b2⊗b2⊗a1=a1) with its lower energy shoulder ν3 + ν9a + ν6b (b2⊗a1⊗b2=a1).

The smaller peak at 3014 cm−1 is probably ν3 + ν15 + ν6b (b2⊗b2⊗b2=b2). This assignment

agrees very well with the polarized Raman results. The two peaks at 3128 and 3138 cm−1

are undoubtedly the overtones of ν8a and ν8b, respectively. The last peak to be assigned at

3070 cm−1 is likely ν3 + ν15 +ν6a (b2 ⊗ b2 ⊗ a1=a1). This assignment is again supported by

the polarized Raman spectra.

Shown in Figure 3.4 are comparisons of the Raman spectra of pyrimidine in liquid and

crystalline environments. Shifts in the vibrational spectra as well as splitting by certain

modes are evident. Both ν16a and ν8a are observed to split into two peaks in the crystalline
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Table 3.1: Normal modes, overtones, and combination bands (cm−1) of liquid and crystalline
pyrimidine

Mode Symmetry Liquid Solid Shift

ν16a a2 401 400 −1

ν6b b2 626 628 +2

ν6a a1 681 680 −1

ν1 a1 990 992 +2

ν9a a1 1139 1142 +3

ν15 b2 1159 1163 +4

ν3 b2 1228 1242 +14

ν8a a1 1564 1568 +4

ν8b b2 1571 1577 +6

2ν15+ν6a a1 3001 3004 +3

ν3 + ν15 + ν6b b2 3014 3021 +7

ν13 a1 3038 3038 0

ν7b b2 3038 3038 0

ν2 a1 3050 3051 +1

ν3 + ν15 +ν6a a1 3072 3087 +15

ν20a a1 3084 3077 −7

2ν8a a1 3128 3137 +9

2ν8b a1 3138 3150 +12
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Figure 3.4: Solid and liquid phase spectra of pyrimidine

31



phase. Foglizzo and Novak previously observed similar splittings in the infrared spectra of

both ν16a and ν8a in the crystalline state [19]. These modes are both characterized by motions

of the hydrogen atoms H8 and H9 (see Figure 3.1). The mode ν16a is a torsional motion

with H8 and H9 moving asynchronously out-of-plane and ν8a exhibits in-plane bending of

H8 and H9. The fact that these modes split when going from the liquid to crystalline state

indicates strong interactions involving these hydrogen atoms [17]. Overlapped spectra of ν8a

and ν8b in the liquid phase were fit to Lorentzian profiles in order to accurately determine

their spectral locations and a full sized figure including these fits are included in Figure 3.5.

These modes are not mixed due to their differing symmetry (a1 and b2), respectively. In

the solid state, these modes are well-separated and exhibit, interestingly, similar shifts to

that observed previously in water [14]. Modes in the C-H stretching region were also fit to

Lorentzian profiles and are included in Figure 3.5. In the region shown ranging from 2990

– 3150 cm−1, both the complicated liquid phase spectrum and more well-defined crystalline

spectrum can be fit nicely to a sum of eight Lorentzian functions.

Table 3.1 includes a comparison of the peak positions of liquid and crystalline pyrimidine.

For modes that are split, the average spectral center is listed. In our recent report detailing

the effects of hydrogen bonding of water on pyrimidine normal modes, ν1 and ν6b exhibited

the largest blue shifts of +14 and +13 cm−1, respectively [14]. Natural bond orbital (NBO)

analyses revealed the origin of the blue shifts to be from significant charge transfer from

pyrimidine to water. In going from the liquid to crystalline state, however, these modes only

exhibit small blue shifts of +2 cm−1 each. ν3, on the other hand, exhibits a large shift of +14

cm−1. A popular explanation for the origin of the blue-shifting in crystalline solids is that
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Figure 3.5: Solid and liquid phase Raman spectra of pyrimidine including Lorentzian fit
functions
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the force constants change due to anharmonicity [22]. The inconsistent sign and magnitude

of the shifts in the vibrational spectrum suggest more complicated origins for the changes

in the force constants. In the crystalline state, each pyrimidine molecule interacts with its

eight nearest neighbors through weak C-H· · ·N hydrogen bonds. To investigate the effects

of these weak interactions on pyrimidine’s normal modes, we performed electronic structure

calculations on a pyrimidine molecule interacting with eight others in the crystal geometry.

Table 3.2 presents the results of the electronic structure calculations performed on an

isolated pyrimidine and also a pyrimidine embedded in two different model crystalline envi-

ronments that include its eight nearest neighbors. (See Computational Details for a detailed

description of the Xtal and H-Opt models.) The results from both models are nearly iden-

tical and differ by only 1 cm−1 for all but two modes. The weak hydrogen bond distances

also do not change appreciably from the crystal structure, ranging from 2.43 - 2.79 Å at

the B3LYP/6-311++G(2df, 2pd)level of theory in the H-Opt model. The predicted spectral

shifts are also relatively insensitive to basis set.

The modes ν16a and ν6a exhibit a slight red shift whereas ν6b exhibits a blue shift, as

shown in Figure 3.4a and 3.4b. The calculated vibrational shifts at the 6-311++G(2df, 2pd)

level for ν16a and ν6a when going from monomer to cluster indicate a small perturbation

on the central pyrimidine molecule, in agreement with experiment. However, the blue shift

predicted for ν6b (+7 cm−1) is larger than experimentally observed. Agreement between

experiment and theory is quite good for the remaining ring modes. This includes a predicted

blue shift of +15 cm−1 versus an observed shift of +14 cm−1 for ν3. This large blue shift in

ν3 is not unexpected as it involves angular motions of all of pyrimidine’s hydrogen atoms.
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Table 3.2: Unscaled calculated harmonic vibrational energies and shifts (cm−1) of a pyrimi-
dine monomer and pyrimidine in a crystalline environment compared to experimental shifts.
See Computational Details for a detailed description of the Xtal and H-Opt models of the
crystalline environment.

B3LYP/6-31+G(d, 2p) B3LYP/6-311++G(2df, 2pd)

Monomer Xtal H-Opt Monomer Xtal H-Opt Exp

Mode Origin Shift Shift Origin Shift Shift Shift

ν16a 407 +3 +3 411 +2 +2 −1

ν6b 632 +8 +8 636 +7 +8 +2

ν6a 694 −1 −2 696 0 0 −1

ν1 1012 +4 +5 1011 +4 +5 +2

ν9a 1162 +4 +4 1163 +4 +3 +3

ν15 1229 +7 +8 1212 +5 +5 +4

ν3 1264 +12 +13 1253 +15 +15 +14

ν8a 1617 +3 +2 1609 +4 +3 +4

ν8b 1615 +11 +12 1607 +12 +12 +6

ν13 3169 +11 +14 3154 +15 +17 0

ν7b 3173 +13 +13 3157 +16 +17 0

ν2 3188 +3 +4 3168 +11 +11 +1

ν20a 3214 −12 −12 3201 −7 −7 −7
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Electronic structure calculations predict a red shift of −7 cm−1 in the case of ν20a. Based

on comparison with both polarized Raman spectra and theory (see Figure 3.2), this symmet-

ric C-H stretching mode was assigned to the peak at 3084 cm−1 and the peak at 3072 cm−1

was assigned to the combination band ν3+ν15+ν6a in the liquid phase. Based on spectral

intensities, the more prominent peak at 3077 cm−1 in the solid phase spectrum is assigned to

ν20a. This would result in an experimental red shift of −7 cm−1, in perfect agreement with

theory. This assignment would also serve to support the liquid phase assignment of ν20a.

This leaves the weaker peak at 3087 cm−1 unassigned. Adding the experimental and theo-

retical shifts of the components of the combination band ν3+ν15+ν6a, however, both yield

a predicted solid phase spectral shift of +17 cm−1. This compares to an experimentally ob-

served shift of +15 cm−1, supporting these assignments. In fact, by taking advantage of the

non-uniformity in the spectral shifts of each individual mode, assignments of combination

bands in both the liquid and solid states are supported. The same is true of the split overtone

of ν8a which appears just as one would expect, although the ratio of the two peaks changes

appreciably. Both the combination bands 2ν15+ν6a and ν3 + ν15 + ν6b, whose assignments

are supported by polarized Raman spectra, shift less than expected, however. This could

be due to Fermi interactions that have been predicted to influence this region [27].

Experimentally, the most prominent peaks observed in the liquid phase spectrum (ν13,

ν7b, and ν2) are observed to sharpen in the crystalline state, but surprisingly, not shift. The

modes ν13 and ν7b are symmetric and asymmetric C-H stretching modes involving H8 and

H9 and ν2 predominantly involves the stretching of H7. Electronic structure calculations

predict large blue shifts in these modes which clearly illustrate that the hydrogen atoms
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and related normal modes are expected to be greatly perturbed when embedded into the

crystal environment. The C-H stretching modes are also the most sensitive to basis set with

an +8 cm−1 change in ν2 going from 6-31+G(d, 2p)to 6-311++G(2df, 2pd). However, it is

unclear why these particular stretching modes do not shift experimentally when other modes

involving these hydrogen atoms (such as the case of ν3) do so as predicted.

3.6 Conclusions

There is overall agreement between experiment and theory in the study of shifting nor-

mal modes of pyrimidine when going from the liquid to the solid phase. Modes involving

the motions of hydrogen atoms are greatly affected when embedded into the crystalline

environment. By modeling the crystalline environment using a total of nine pyrimidine

molecules interacting by weak C-H· · ·N interactions, electronic structure calculations very

accurately reproduce large shifts such as in the case of ν3 (+14 versus +15 cm−1) and ν20a

(−7 versus −7 cm−1). By acquiring polarized Raman spectra and by taking advantage of

the non-uniformity in the spectral shifts of each individual mode, new assignments of fun-

damentals and combination bands in both the liquid and solid states have also been made

in the complicated C-H stretching region. This research has been published in Chemical

Physics Letters.
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CHAPTER 4

RAMAN SPECTROSCOPIC AND COMPUTATIONAL STUDY OF A

BLUE SHIFTING HYDROGEN BOND ACCEPTOR

4.1 Abstract

A comprehensive Raman spectroscopic/electronic structure study of hydrogen bonding

by pyrimidine with eight different polar solvents is presented. Raman spectra of binary

mixtures involving methanol and ethylene glycol are reported and shifts in ν16a, ν16b, ν6b,

ν6a, ν1, ν9a, ν15, ν3, ν8a, and ν8b are compared to earlier results obtained for water. Large

blue shifts, shifts to higher vibrational energy, are observed for ν1, ν6b, and ν8b. While ν6b

and ν8b exhibit gradual blue shifts with increasing hydrogen bond donor concentration, three

distinct spectral components whose relative intensities vary with concentration are observed

for ν1. The blue shift of ν1 is further examined in binary mixtures of pyrimidine with

acetic acid, thioglycol, phenylmethanol, hexylamine, and acetonitrile. Electronic structure

computations on over 100 micro-solvated structures reveal a significant dependence of ν1’s

blue shift on the local microsolvation geometry. Results from natural bond orbital (NBO)

calculations also reveal a strong correlation between charge transfer and blue shifting of

pyrimidine’s normal modes. Although charge transfer has previously been linked to blue

shifting of the X-H stretching frequency in hydrogen bond donor molecules, here a similar
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trend is shown for the first time to our knowledge in a hydrogen bond acceptor, pyrimidine.

4.2 Introduction

From controlling biological activity to directing molecular self-assembly, hydrogen bond-

ing plays central roles in all areas of nature [38–51]. Most hydrogen bonding interactions

result in a decrease in vibrational energy of the X-H stretching frequency, often referred to as

a red shift (here we use common hydrogen bond nomenclature X-H· · ·Y). Hydrogen bonds

resulting in an increase in vibrational energy of the X-H stretching frequency, a blue shift,

are commonly referred to as improper hydrogen bonds. While red and blue shifts of the X-H

stretching frequency have been linked to X-H bond shortening and elongation respectively,

the origin of the change in X-H bond length is still debated [48, 52–55]. Hobza proposed a

method called the H-index that helps determine if the formation of a hydrogen bonded com-

plex results in a red or blue shift in the X-H stretching frequency [56]. The H-index is the

ratio of electron density transferred from the hydrogen bond donor to the X-H antibonding

orbital over the total electron density transferred. More recently, Szostak took a slightly

simpler approached correlating the charge, calculated through natural bond orbital (NBO)

analysis, on the hydrogen to the shift of the X-H stretching frequency [57]. Much of the

interest in studying the effects of hydrogen bonding have, in fact, centered around the X-H

stretching frequency and changes in the X-H bond length. Here, we interrogate vibrational

modes in a hydrogen bond acceptor molecule that exhibits blue shifts and quantify the role

of charge transfer in the magnitude of these shifts.

The study of blue shifting of pyrimidine’s normal modes dates back to the 1960’s when
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Takahashi et al. recorded infrared absorption spectra of pyrimidine (structure shown in

Figure 4.1) in several donor solvents including water [58]. It was suggested at that time that

hydrogen bonding interactions resulted in a considerable change of electron distribution in

pyrimidine and was the origin of the shifts to higher frequencies of some of pyrimidine’s

normal modes. The in-plane skeletal vibration (breathing mode), ν1, was observed to be

largely affected by hydrogen bonding with shifts reported up to 14 cm−1 in water. For this

reason, it was suggested that interactions between pyrimidine and hydrogen bonded solvent

molecules involved pyrimidine’s nitrogen atoms or its delocalized π-electrons.

Figure 4.1: Pyrimidine (Py) monomer

In 2007, Schlücker et al. conducted a polarization-resolved linear Raman spectroscopy

study on pyrimidine in various concentrations of water to re-investigate the blue shift in ν1

[59]. These authors analyzed their results using electronic structure calculations on ten small

explicit pyrimidine/water clusters and noticed a correlation between O-H· · ·N hydrogen

bond distances and the magnitude of the blue shift in the ring breathing mode when similar
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structural motifs were analyzed. For example, this correlation existed for structures involving

water molecules clustered on one side of pyrimidine. A line shape analysis was also performed

on the experimental spectra of ν1 and the presence of three distinct spectral components were

suggested. The authors argued that these spectral features correspond to free pyrimidine

and “two distinct groups of hydrogen bonded species”.

In 2010, we undertook an effort to elucidate the origins of the spectral shifts that occur

in the normal modes of pyrimidine (a total of ten including ν1) when interacting with

water [60]. Natural bond orbital (NBO) analyses were performed, and a significant charge

transfer from pyrimidine to the water molecules was observed. This transfer also resulted in

a decrease in the population of the nitrogen lone pair orbitals as well as contractions of the

bonds associated with the N-C-N and C-C-C regions of the pyrimidine ring. Comparison

of the experimental polarized Raman spectra to electronic structure calculations on explicit

pyrimidine/water clusters also allowed us, for the first time, to definitively assign the over-

lapping ν8a and ν8b modes, which exhibit different degrees of blue shifting when interacting

with increasing numbers of water molecules.

We extended our study of pyrimidine/water interactions to include over 70 micro-hydrated

clusters of pyrimidine using density functional theory and a triple-ζ quality basis set [61].

These structures included up to seven water molecules and indicated that the lowest en-

ergy structures were characterized by water molecules hydrogen bonded only to one side of

pyrimidine and not interacting with the second nitrogen. We also discovered, however, that

the best agreement between experiment and theory resulted from hydrogen bonding motifs

involving at least one water molecule on both sides of the ring, as would be expected in the
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bulk phase. These clusters reproduced the experimentally observed vibrational frequency

shifts of ν1 and ν8b in very dilute aqueous pyrimidine solutions to within 1 cm−1. The worst

agreement with experiment involved structures only having C-H· · ·O interactions at the side

or the back of the ring (see Figure 4.1). In pyrimidine, which has C2v symmetry, the region

near C1 is referred to as the front of the ring, C6 as the back, and the area around N2 and

C4 (or N3 and C5) the side of the ring. Best agreement with solution phase experiments was

obtained with pyrimidine/water structures where the water molecules are clustered near the

nitrogen atoms at the front of the ring. This interesting result suggests that the hydrophobic

effect plays a key role in directing solvation of pyrimidine in such mixtures, with the creation

of so-called “iceberg water” due to the the structured hydrogen bonded network at the front

of the ring [62,63].

In 2011, Singh et al. reported the results from a Raman spectroscopic study on pyrimi-

dine’s ν1 mode in pyrimidine/methanol mixtures [64]. These authors observed the same three

spectral components with various concentrations of pyrimidine and methanol as Schlücker

et al. previously reported for mixtures of pyrimidine and water, although in methanol these

features were much more distinct and persist to high dilutions of pyrimidine. One of these

three features exhibited no shift from pure pyrimidine and was atttributed to free pyrimidine

molecules, with no hydrogen bonded interactions. Comparing the ν1 experimental spectra

between pyrimidine/water and pyrimidine/methanol reveals the presence of all three dis-

tinct spectral components, including that of free pyrimidine, in methanol at high dilutions,

while only one hydrogen bonded peak is present at high dilutions of water. Singh et al. sug-

gested that the observation of this one broad feature in dilute pyrimidine/water mixtures
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originates from a large number of hydrogen bonded interactions due to water’s ability to

form multiple hydrogen bonds. In an attempt to explain the dissimilarities between water

and methanol, the authors asserted “PdxWy clusters require less transfer of charge than the

PdxMy clusters. This essentially means that the formation of PdxWy clusters is much easier

than that of PdxMy clusters”. These authors also reported the results of density functional

calculations on eight pyrimidine/methanol structures with up to four methanol molecules.

The lowest energy structures were found to have all of the methanol molecules on one side

of the pyrimidine ring.

Here, in an effort to quantify the origin of blue shifting in the normal modes of the

hydrogen bond acceptor pyrimidine, we report the results of a comprehensive Raman spec-

troscopic/electronic structure study. Raman spectra of ten of pyrimidine’s normal modes

(ν16a, ν16b, ν6b, ν6a, ν1, ν9a, ν15, ν3, ν8a, and ν8b in the notation of Lord et al. [65]) at various

mole fractions of methanol and ethylene glycol are presented. These results are compared

to previous studies of pyrimidine/water [59, 60]. The blue shift of ν1 is further examined in

binary mixtures of pyrimidine with acetic acid, thioglycol, phenylmethanol, hexylamine, and

acetonitrile. Electronic structure computations were performed on over 100 unique micro-

solvated structures to provide insight to ν1’s blue shifting. Natural bond orbital (NBO)

calculations quantify charge transfer in order to investigate for the first time trends between

electron density redistribution and blue shifting in pyrimidine’s normal modes.
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4.3 Experimental Details

Raman spectra of ten normal modes of pyrimidine (ν16a, ν16b, ν6b, ν6a, ν1, ν9a, ν15, ν3, ν8a,

and ν8b) with varying mole fractions of methanol or ethylene glycol were recorded. The 514.5

nm laser line of a Coherent Innova 200 Ar+ laser was used as the Raman excitation source.

The laser light passed through a 514.5 nm laser line filter (Thorlabs) and a half-wave plate

(Thorlabs) before reaching the sample. The laser power measured approximately 1 Watt at

the sample. Commercially obtained pyrimidine (Sigma-Aldrich) was used without further

purification. Spectra were collected using a fiber optic cable, placed perpendicular to the di-

rection of laser progagation, coupled to a Princeton Instruments SP2500 triple grating (2400

grooves/mm) spectrograph and ProEM 1024 CCD camera with five minute exposure times.

We also compared the effects of a variety of other solvents on pyrimidine’s ring breathing

mode, ν1. These solvents include water, acetic acid, thioglycol, phenylmethanol, hexylamine,

and acetonitrile. Spectra involving these six solvents were collected using a high resolution

Labview-controlled Jobin-Yvon Ramanor HG2-S double grating (2000 grooves/mm) scan-

ning spectrometer with photomultiplier tube detection as previously reported [60].

4.4 Computational Details

Density functional theory (DFT) calculations were performed with the Gaussian 09 soft-

ware package [66]. Geometry optimizations and harmonic vibrational frequencies were per-

formed on small pyrimidine/solvent clusters at the B3LYP/6-311++G(2df, 2pd) level of

theory. A pruned grid composed of 99 radial shells and 590 angular points per shell was

employed and a threshold of 10−10 for the RMS change in the density matrix during the
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self consistent field procedure was employed. Solvent molecules included methanol, ethylene

glycol, acetic acid, thioglycol (2-mercaptoethanol), phenylmethanol (benzyl alcohol), hexy-

lamine, and acetonitrile. Optimized pyrimidine/water structures at the same level of theory

were taken from our earlier studies [60, 61]. Natural bond orbital (NBO) calculations were

performed on all pyrimidine/solvent clusters containing one pyrimidine molecule in order to

quantify the charge transfer between pyrimidine and the solvent molecule(s).

To test the effects of method and basis set on our results, ten pyrimidine/solvent struc-

tures containing one pyrimidine molecule were chosen at random and optimizations, vibra-

tional frequencies, and NBO calculations were repeated for these structures at the B3LYP/6-

31+G(d, 2p) and M06-2X/6-311++G(2df, 2pd) levels of theory. All three model chemistries

reveal the same relationship between charge transfer and blue shifting in ν1 for this subset

of 10 structures (Figure 4.2.

While gas phase electronic structure calculations and condensed phase experimental data

cannot always be directly compared, Albert and Quack measured high resolution rotation-

ally resolved gas phase infrared spectrum of pyrimidine [67] and the vibrational frequencies

are within a few wavenumbers of earlier liquid phase studies. Also, our previous study

investigating the vibrational shifts of pyrimidine/water mixtures when compared to neat

pyrimidine [60], agree well with Maes and co-workers’ matrix isolated FTIR study of pyrim-

idine and pyrimidine/water complexes [68].
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Figure 4.2: Change in overall charge on a central pyrimidine molecule (me−) in ten pyrim-
idine/solvent structures (AN: 1+1, E: 1s+1s, M: 2(s)+0 and 2(f)+0, TG: DimerOH(s)+0,
and W: 3(s)+1, Pentamer+0, 3(s)+3(s), Cage+0, Pentamer+2(s)) versus the Raman shift
of ν1 (cm−1) at three different levels of theory.
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4.5 Results

4.5.1 Experimental results

Figure 4.3 shows experimental Raman spectra of pure pyrimidine and mixtures of pyrim-

idine in methanol and ethylene glycol with increasing solvent concentration. Raman spectra

of the pure solvents are included to ascertain any overlap with pyrimidine modes. The

maximum observed shifts for each mode in methanol and ethylene glycol are recorded in

Table 4.1 and compared to previously publish results in water [60]. The maximum shift of

+12 cm−1 for methanol and +14 cm−1 in water in ν1 agree with early reports by Singh et

al. [64] and Schlücker et al. [59], respectively. The ν1 mode of pyrimidine in mixtures at

high concentrations of methanol, ethylene glycol, and water is compared in Figure 4.4. At

χpy = 0.10, all three discrete shifts are present in methanol and ethylene glycol but only one

is apparent in water. All three components can be seen in water, however, at intermediate

dilutions [59]. This situation is reminiscent of the earlier work by Singh et al. [64] and

suggests that a large amount of free pyrimidine is still present in methanol, while ethylene

glycol exhibits features between methanol and water.

A comparison of the effects on ν1 by the solvents water, acetic acid, thioglycol, phenyl-

methanol, hexylamine, and acetonitrile is shown in Figure 4.5. Both acetic acid and phenyl-

methanol exhibit Raman peaks in the vicinity of ν1, and these are indicated in Figure 4.5

with asterisks. Blue shifting of ν1 can be seen in water, acetic acid, thioglycol, and phenyl-

methanol, all solvents capable of donating strong O-H hydrogen bonds. No observable effect

on ν1 is produced by hexylamine, capable of donating N-H hydrogen bonds, or acetonitrile,

which is not a hydrogen bond donor (apart from very weak C-H hydrogen bonds) but has a
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Figure 4.3: Raman spectra of pyrimidine with varying mole fractions of methanol and
ethylene glycol a) χpy=1.00 b) χpy=0.85 c) χpy=0.70 d) χpy=0.50 e) χpy=0.30 f) χpy=0.10
g) χpy=0.00
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Figure 4.4: Comparison of the ring breathing mode, ν1, of a) pure pyrimidine and χpy=0.10
of b) pyrimidine/methanol c) pyrimidine/ethylene glycol d) pyrimidine/water
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Table 4.1: Original location of select vibrational modes of pyrimidine and the maximum
shift observed in solvent (in cm−1).

mode neat pyrimidine methanol ethylene glycol watera)

ν16b 351 +2 - +2

ν16a 401 +3 +4 +2

ν6b 627 +6 +9 +13

ν6a 682 +2 +3 +5

ν1 990 +12 +14 +14

ν9a 1139 +3 +3 +5

ν15 1160 +5 +7 +9

ν3 1228 +1 +1 +3

ν8b 1570 +8 +9 +12

ν8a 1564 +2 +2 +6

a) Ref. [60]

large dipole moment.

4.5.2 Theoretical results

Figures 4.6 to 4.8 show explicit pyrimidine/solvent structures consisting of 15 pyrimi-

dine/methanol, 16 pyrimidine/ethylene glycol, and 20 additional hydrogen bonded systems.

Naming of the theoretical structures include f, s, and b in parentheses to denote hydrogen

bondng to front, side, and back of the pyrimidine ring as defined in Figure 4.1. Some names

of pyrimidine/ethylene glycol and pyrimidine/thioglycol structures also include dimer or

trimer to indicate that some O-H or S-H groups are hydrogen bonding with another sol-

vent molecule rather than the pyrimidine ring. Subscripts OH and SH are used in naming

pyrimidine/thioglycol structures to denote whether the alcohol or the thiol group is hydro-
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Figure 4.5: Raman spectra of the ring breathing mode, ν1, of pyrimidine in various solvents.
Spectra were recorded with a range of pyrimidine/solvent mole fractions a) χpy=1.00 b)
χpy=0.85 c) χpy=0.70 d) χpy=0.50 e) χpy=0.30 f) χpy=0.10. Asterisks denote peaks from
solvent.

51



gen bonding with the nitrogen. Pyrimidine/methanol structures 1+0, 2(s)+0, 1+1, 3+0,

2(s)+1, 3+1, 2(s)+2(s) and Py2M have been previously reported [64].

Shifts in select vibrational modes, relative energies, and change in overall charge on the

pyrimidine molecule can be found in Tables 4.2 to 4.5. Pyrimidine/water structures used

for the electron density analyses are taken from our previous studies (Table 4.5) [60,61]. Of

the structures we have identified, the lowest energy structures for PyMn for n=1–4 exhibit

all of the methanol molecules on one side of the pyrimidine ring, in agreement with Singh

et al. However, the lowest energy structure identified for PyM5 has the methanol molecules

separated, interacting with both nitrogen molecules in the pyrimidine ring. A similar effect

is observed with pyrimidine/ethylene glycol in PyE4. This behavior is qualitatively different

than that observed with water, where the lowest energy structures (with up to 7 water

molecules) consistently have all the solvent molecules clustered on one side of pyrimidine [61].

For both methanol and ethylene glycol, structures with solvent molecules interacting with

the side of the pyrimidine ring are lower in energy than structures with solvents interacting

with the front, while solvent molecules interacting with the back of the ring are highest

in energy (see Figure 4.1). In addition, hydrogen bonds can form between ethylene glycol

molecules, leading to lower energy structures (for example, Dimer(s)+Dimer(s) is lower in

energy than 2(s)+2(s)).

Figure 4.9 shows structures involving two pyrimidine molecules with one or two solvent

molecules. The two pyrimidine molecules in each structure are labeled a or b (except for

Py2E and Py2W where the pyrimidines are symmetrically equivalent) and the vibrational

shift of the ν1 mode for each pyrimidine is listed in Table 4.6.
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Figure 4.6: Minimum energy structures of pyrimidine with 1-5 methanol molecules optimized
at the B3LYP/6-311++G(2df, 2pd) level of theory.
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Figure 4.7: Minimum energy structures of pyrimidine with 1-4 ethylene glycol molecules
optimized at the B3LYP/6-311++G(2df, 2pd) level of theory.
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Figure 4.8: Minimum energy structures of pyrimidine with various solvent molecules (acetic
acid, acetonitrile, hexylamine, phenylmethanol, and thioglycol) optimized at the B3LYP/6-
311++G(2df, 2pd) level of theory.
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Table 4.2: Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of
the pyrimidine molecule (me−) in pyrimidine/methanol structures.

Structure Erel Δν1 Δν6b Δν8b Δq

Experimental +12 +6 +8

PyM1 1+0 0.00 +7 +5 +9 22

1(s)+0 3.36 +1 0 +4 -2

1(f)+0 4.00 0 +1 0 -1

PyM2 2(s)+0 0.00 +10 +7 +15 28

2(f)+0 1.11 +9 +9 +14 29

1+1 3.51 +14 +10, +27 +13 38

PyM3 3+0 0.00 +11 +9 +16 30

2(s)+1 3.53 +16 +13 +18 44

PyM4 4(s,f)+0 0.00 +12, +33 +12 +20 47

3+1 0.31 +17 +15 +18 46

2(s)+2(s) 0.46 +17 +15 +21 50

PyM5 3+2(s) 0.00 +19 +18 +21 53

5(s,f)+0 0.27 +10, +23 +12 +21 45

5(s,f,b)+0 1.00 +12, +37 +13 +19 52

4(s,f)+1 2.73 +18, +32 +18 +21 63
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Table 4.3: Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of
the pyrimidine molecule (me−) in pyrimidine/ethylene glycol structures.

Structure Erel Δν1 Δν6b Δν8b Δq

Experimental +14 +9 +9

PyE1 1(s)+0 0.00 +9 +6 +10 24

1(f)+0 0.21 +8 +7 +10 24

1+0 2.12 +8 +6 +10 25

PyE2 Dimer(s)+0 0.00 +10 +7 +14 28

1(s)+1(s) 4.42 +16 +13 +15 44

2(s)+0 6.12 +10 +7 +15 31

2(f)+0 6.95 +10 +10 +15 32

1+1 9.03 +15 +11, +33 +13 44

PyE3 Trimer(s)+0 0.00 +10 +7 +15 30

Dimer(s)+1(s) 7.33 +17 +14 +18 47

3+0 12.80 +11 +9 +16 35

2(s)+1(s) 13.49 +18 +15 +19 50

PyE4 Dimer(s)+Dimer(s) 0.00 +18 +15 +21 50

3+1(s) 9.74 +19 +17 +19 54

4(s,f)+0 12.27 +12, +19 +9, +12 +20 52

2(s)+2(s) 12.36 +19 +16 +22 55
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Table 4.4: Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of
the pyrimidine molecule (me−) in pyrimidine/solvent structures.

Structure Erel Δν1 Δν6b Δν8b Δq

Acetic acid

PyAA 1(s)+0 0 +9, +15 -11, +10 15 51

1(f)+0 0.93 +7, +15 -14, +13 16 51

PyAA2 1(s)+1(s) +10, +25 -12, +22 24 92

Acetonitrile

PyAN 1+0 2 2 5 4

PyAN2 1+1 3 3 7 8

Hexylamine

PyHA 1+0 2 1 4 3

PyHA2 1+1 4 2 7 5

Phenylmethanol

PyPM 1(s)+0 0 8 6 10 26

1(f)+0 0.32 8 7 10 26

1+0 1.04 8 6 10 26

PyPM2 1(s)+1(s) 15 13 +14, +15 46

Thioglycol

PyTG 1OH(s)+0 0 9 7 11 26

1OH+0 0.61 8 6 10 27

1SH(s)+0 2.71 3 2 4 10

1SH+0 4.34 3 3 5 14

PyTG2 DimerOH(s)+0 0.00 11 16 15 37

1OH(s)+1OH(s) 2.83 16 +11, +14 14 47

DimerOH+0 3.58 9 6 12 23

DimerSH(s)+0 4.78 4 3 8 14

DimerSH+0 6.42 4 3 6 12
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Table 4.5: Relative energies (kcal/mol), vibrational shifts (cm−1), and change in charge of
the pyrimidine molecule (me−) in pyrimidine/water structures with n=1 - 7.

Structure Erel Δν1 Δν6b Δν8b Δq
Experimental +14 +13 +12
PyW 1+0 0.00 +8 +5, +17 +9 21

1(b)+0 3.69 -1 +2 +1 -4

PyW2 2(s)+0 0.00 +10 +7 +15 29
2(f)+0 1.10 +10 +10 +14 30
1+1 3.41 +15 +12 +12 38
1+1(b) 6.37 +8 +8 +10 19

PyW3 3(s)+0 0.00 +12 +10 +16 33
3(f)+0 1.50 +10 +10 +16 34
Trimer(s)+0 1.76 +9 +6 +12 24
Trimer(f)+0 2.25 +9 +8 +11 26
3(s,f)+0 3.41 +15 +11, +20 +17 51
2(s)+1 3.46 +17 +5, +15 +17 45
2(f)+1 4.21 +16 +16 +14 45
Trimer(s,b)+0 5.87 -1 +2 0 -5
2(f)+1(b) 7.60 +9 +12 +14 29
1+1+1(b) 9.57 +15 +13, +28 +14 37

PyW4 Tetramer+0 0.00 +9 +7 +10 26
4(s,b)+0 1.83 +12 +11 +15 40
4-Bridge(s)+0 2.05 +12 +10 +15 36
4(s)+0 3.04 +11 -14, +10 +14 32
Diamond(s)+0 3.48 +14 +10 +20 40
4(s,f)+0 4.04 +11, +22 +12 +20 51
3(s)+1 4.32 +18 +17 +17 49
Tetramer(s,b)+0 4.41 -1 +2 0, +2 -5
2(s)+2(s) 4.42 +19 +17 +21 53
4-Bridge(s,f)+0 4.47 +14 +12 +21 51
4-Bridge(f) 4.63 +16 +16 +16 36
2(f)+2(s) 4.91 +19 +19 +18 52
3(f)+1 5.22 +18 +18 +16 49
Tetramer(s)+0 5.52 +13 +9 -1, +17 43
Diamond(f)+0 5.55 +12 +12 -4, +19 41
Trimer(s)+1 6.07 +16 +12 +15 40
Trimer(f)+1 6.42 +15 +13, +27 +12 41
3(s,f)+1 7.46 +21 +16, +19 +18 67
1Trimer(s,b)+0 9.32 +8 +8 +9 18
Trimer(s,b)+1 9.41 +8 +8 +11 18
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Structure Erel Δν1 Δν6b Δν8b Δq
PyW5 Pentamer+0 0.00 +9 +6 +10 25

Pentamer(s)+0 2.64 +13 +10 +19 39
Tetramer(f)+1 3.36 +15 +14 +12 40
5-Bridge(f) 4.05 +14 +15 +14 36
3(s)+2(s) 4.43 +21 +19 +21 57
Pentamer(s,b)+0 4.45 -1 +2 -1, +2 -5
3(s)+2(f) 4.82 +20 +21 +18 55
4-Bridge(s)+1 5.44 +19 +12, +19 +16 51
Trimer(s)+2(s) 6.14 +18 +15 +19 47
Trimer(s)+2(f) 7.07 +17 +16, +23 +16 46
3(s,f)+2(s) 7.45 +23 +20, +23 +22 75

PyW6 Prism(s1)+0 0.00 +10 +7, +8 +14 31
Prism(s2)+0 0.35 +9 +6, +12 +14 29
Cage(s)+0 0.56 +9 +6 +13 29
Prism(f)+0 0.56 +9 +9 +13 28
Cyclic(f)+0 0.73 +8, +9 +8 +11 23
Cyclic(s)+0 0.86 +9 +6, +14 +12 23
Prism+0 1.42 +10 +7 +11 29
Cage+0 1.96 +9 +6 +10 24
4-Bridge(f)+2(s) 3.69 +18 +18 +17 51
Tetramer+2(s) 4.03 +18, +18 +16 +17 49
Pentamer+1 4.07 +15 +12, +15 +12 41
3(s)+3(s) 5.07 +22 +21 +21 61
Trimer(s)+3(s) 6.68 +19 +17, +27 +19 51
3(s,f)+3(s) 8.01 +24 +21, +25 +22 78
Trimer(s)+Trimer(s) 8.46 +16 +13, +24 +17 42
3(s,f)+Trimer(s) 9.93 +22 +12, +20 +20 68
3(s,f)+3(s,f) 11.81 +25 +24 +23 86

PyW7 Prism(s)+0 0.00 +8 +5, +6 +10 21
Book(s1)+0 0.36 +8 +6 +11 19
Book(s2)+0 0.51 +8 +5 +12 19
Book(f)+0 0.87 +8 +1, +11 +12 24
Tetramer(f)+3(s) 4.12 +19 +18 +17 51
Cyclic(f)+1 4.18 +15 +15, +20 +12 39
Pentamer+2(s) 4.34 +18 +13, +17 +17 48
4-Bridge(f)+Trimer(s,b) 13.03 +14 +16 +15 36
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Figure 4.9: Minimum energy structures with two pyrimidine molecules and one or two
solvent molecules optimized at the B3LYP/6-311++G(2df, 2pd) level of theory. Solvents
include methanol, ethylene glycol and water. The pyrimidine molecules are labeled a and b to
correspond to Table 4.6 except for Py2E and Py2W where the pyrimidines are symmetrically
equivalent (C2 point group)
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Table 4.6: Vibrational shifts (cm−1) of ν1 compared to pyrimidine monomer. a and b refer
to different pyrimidine molecules in the pyrimidine/solvent structure (Figure 4.9) except
for Py2E and Py2W where a and b refer to the symmetric and asymmetric ring breathing
motions respectively.

Structure Δν1

a b

Py2M +8 +2

Py2M2 +8 +10

Py2E +7 +7

Py2E2 +7 +13,+18

Py2W +6 +6

Py2W2 +7 +13

4.6 Discussion

4.6.1 Effects of Charge Transfer

In order to understand the molecular origin of blue shifting in pyrimidine’s normal modes,

we compare the extent of the vibrational shifts of the three modes with the largest blue

shifts (ν1, ν6b, and ν8b) with the overall charge transfer from the pyrimidine molecule to

the solvent molecule(s), including methanol, ethylene glycol and water (Figure 4.10). It is

important to point out that these three modes all involve motion of nitrogen atoms and thus

elongate and shorten the hydrogen bond (O–H· · ·N). As can be seen in Figure 4.10 there

is a strong correlation between the magnitude of charge transfer from pyrimidine to the

hydrogen bonded solvent molecules and the vibrational blue shifts of ν1, ν8b, and ν6b. The

ν1 mode exhibits the strongest quantitative correlation with an R2 value of 0.948, while ν6b
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has an R2 value of 0.841 and ν8b has an R2 value of 0.799. In each case the largest calculated

shift is approximately 25 cm−1, corresponding to a charge transfer of 80 – 90 me−. This

relationship was further tested by interrogating additional solvents including acetic acid,

acetonitrile, hexylamine, phenylmethanol, and thioglycol (Figure 4.11). R2 values actually

increase slightly with the additional data for these solvents. The R2 values for ν1, ν6b, ν8b are

0.952, 0.861, and 0.824, respectively. Interestingly, the two solvents with no experimentally

observable effect on ν1, acetonitrile and hexylamine, exhibit a significantly lower degree of

charge transfer from pyrimidine than all other solvents presented (Table 4.4). This is despite

the hydrogen bond that is donated from hexylamine to pyrimidine and suggests that charge

transfer is the origin of the blue shifts in hydrogen bond acceptors such as pyrimidine.

Charge transfer has been previously linked to bond length changes and blue shifting in

the X-H stretching frequency associated with hydrogen bond donors [48, 52–57]. Here, we

see a similar correlation with in certain vibrational modes of a hydrogen bond acceptor,

pyrimidine, when it accepts hydrogen bonds from a number of solvent molecules.

4.6.2 Effects of Explicit Solvation

A gradual separation with increasing concentration of solvent between ν8a, a symmetric

C-N stretch, and ν8b, an antisymmetric C-C and C-N stretch, is evident with hydration in the

region of 1540 – 1600 cm−1 (Figure 4.3). We previously took advantage of this selective blue

shifting to definitively assign these two modes [60]. ν6b, an in-plane C-N-C/C-N-C bending

mode, also exhibits a gradual blue shift with increasing solvent concentration. In contrast, ν1,

the ring breathing mode, exhibits three distinct shifts, which have been previously discussed
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Figure 4.10: Change in overall charge on a central pyrimidine molecule (me−) when clustered
with water, methanol, and ethylene glycol versus the Raman shift (cm−1) of ν1, ν6b, ν8b ,
modes that exhibited mixing were excluded
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Figure 4.11: Change in overall charge on a central pyrimidine molecule (me−) when clustered
with water, methanol, ethylene glycol, acetic acid, thioglycol, phenylmethanol, hexylamine,
and acetonitrile versus the Raman shift (cm−1) of ν1, ν6b, ν8b , modes that exhibited mixing
were excluded
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in both water [59] and methanol [64] studies. Singh et al. speculated the difference from

pyrimidine/methanol and pyrimidine/water mixtures at high concentrations is due to water’s

ability of donate two hydrogen bonds.

For structures with methanol or ethylene glycol molecules interacting with both nitrogen

atoms in the pyrimidine ring, the magnitude of blue shifting for ν1 is significantly higher

than their n+0 counterparts (n representing the total number of solvent molecules). In fact,

the blue shift is approximately 50% larger (Tables 4.2 and 4.3) when hydrogen bonds exist

with both nitrogen atoms compared to just one nitrogen atom. Two of the three distinct

spectral components observed in the Raman spectra of ν1 could therefore be due to solvents

hydrogen bonding on just one side of the pyrimidine ring and solvents hydrogen bonding

on both sides of the ring. Figure 4.12 compares experimental Raman spectra of χpy=0.50

and χpy=0.10 mole fractions with scaled harmonic vibrational frequencies calculated for a

number of pyrimidine/methanol and pyrimidine/ethylene glycol structures. All frequencies

were scaled by 0.979, which brings the computed ν1 mode of the pyrimidine monomer into

agreement with experimentally observed Raman shifts for the neat liquid. Increasing the

number of overall solvent molecules in these small molecular clusters tends to increase the

magnitude of the blue shift. However, the value of the blue shift is greatly dependent upon

the geometry of the structures. In the case of ethylene glycol, for example, the Dimer(s)+0

structure exhibits almost the same blue shift as the 1(s)+0, whereas the 1(s)+1(s) yields a

much larger shift.

With few methanol or ethylene glycol molecules hydrogen bonding to pyrimidine, struc-

tures with all solvent molecules on one side of the ring are favored energetically. Structures
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Figure 4.12: Experimental spectrum at χpy=0.50 (blue) and χpy=0.10 (red) mole fractions
and scaled (0.979) harmonic vibrational frequencies represented by bars.
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with solvent molecules on both sides of the ring, interacting with both nitrogen atoms,

become the lowest energy structures (of the structures we have indentified) at higher con-

centrations of solvent molecules. This transition from interactions with one nitrogen atom

to two nitrogen atoms in the same ring agrees very well with experimental results qualita-

tively but does not explain the greater intensity of the third spectral component in ethylene

glycol than methanol. This discrepancy may be due to ethylene glycol’s ability to hydrogen

bond to more than one pyrimidine molecule at a time, increasing the chance that both ni-

trogen atoms in a single ring participate in hydrogen bonding. For example, if two 4(s,f)+0

pyrimidine/ethylene glycol structures are side by side, there are four free O-H groups that

are available to hydrogen bond to the free nitrogen on the neighboring pyrimidine. In con-

trast, methanol molecules do not possess the ability to donate strong hydrogen bonds with

two pyrimidine molecules concurrently, leading to a smaller third spectral component than

ethylene glycol.

Table 4.6 compares ν1 shifts of Py2Mx to Py2Ex and Py2Wx. For Py2M, pyrimidine a

is hydrogen bonding with a methanol molecule and results in a blue shift comparable to

methanol’s 1+0 structure while the ring breathing mode centered in pyrimidine b barely

shifts. When a second methanol molecule is introduced, Py2M2, pyrimidine a and b have

similar shifts. This result qualitatively reproduces methanol’s experimental spectrum in

which the first spectral component is still strong at high dilutions and a weak third spec-

tral component is also present. For both structures that involve two pyrimidine molecules

with either one ethylene glycol or water molecule bridging in the middle, symmetric and

asymmetric ring breathing motions result with shifts similar to those observed in the 1+0
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structures. In these structures, both pyrimidine molecules are symmetrically equivalent.

The addition of one more solvent molecule to the side of pyrimidine b leads to a dramatic

shift in pyrimidine b’s ring breathing motion because both nitrogen atoms are participating

in hydrogen bonds.

4.7 Conclusions

Effects of hydrogen bonding on pyrimidine’s vibrational spectrum were studied through

the use of Raman spectroscopy and DFT calculations. Over 100 explicit pyrimidine/solvent

structures with eight different solvents, seven of which can donate hydrogen bonds, were

compared to experimental vibrational spectra. NBO calculations were performed to quantify

the degree of charge transfer between pyrimidine and the solvent molecule(s). For the

three modes with the largest blue shifts, ν1, ν8b, and ν6b, a direct correlation was observed

between the magnitude of the blue shifts and the overall charge transfer from the pyrimidine

molecule to the solvent molecule(s). Normal modes exhibiting the largest blue shifts involve

stretching motions between the hydrogen bonded nitrogen atom and the donated hydrogen

atom (H· · ·N stretching). Previous authors have linked charge transfer to blue shifts of X-H

stretching modes. Here we show, for the first time to our knowledge, a strong correlation

between charge transfer and blue shifts in the hydrogen bond acceptor.

Whereas a continuous shift in frequency with increasing solvent concentration is observed

with ν8b and ν6b, three discrete spectral components are observed for ν1 in water, methanol,

and ethylene glycol. The origin of the multiple spectral components lies with how the hy-

drogen bonds are formed (i.e. if one or both nitrogens in a single pyrimidine are involved
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in hydrogen bonding). The first feature is likely due to free pyrimidine. Solvent molecules

interacting with both nitrogens in a single pyrimidine ring lead to a larger blue shift (the

third spectral component) than when only one nitrogen in a pyrimidine ring is participating

in hydrogen bonds (the second spectral component). The DFT computations indicate that

structures with solvent molecules interacting with only one nitrogen atom in the ring are

often lower in energy then structures with both nitrogens participating in hydrogen bonding.

However, experimental spectra indicate a more dominate third spectral component for water

and ethylene glycol and suggest interactions with both nitrogen atoms. Unlike methanol,

water and ethylene glycol can donate multiple hydrogen bonds and form extended hydrogen

bonded networks. The low energy structures with all water or ethylene glycol molecules

clustered on one side of pyrimidine’s ring possess free O-H groups capable of forming hydro-

gen bonds to neighboring pyrimidine molecules, thus increasing the percentage of pyrimidine

molecules that are fully solvated in solution.
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CHAPTER 5

SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS)

5.1 Introduction

For this dissertation research, surface enhanced Raman spectroscopic (SERS) methods

were developed for our research group. These methods have been and will be utilized to study

weak, noncovalent interactions involving biological building blocks. In particular, we extend

our study of pyrimidine’s noncovalent interactions using SERS in various solvents and study

the role charge transfer plays in forming noncovalent interactions with water, methanol, and

silver. We also are developing a new experimental method to study noncovalent interactions

at the single molecule level in molecular clusters.

5.2 Experimental Methods

Single molecule Raman spectroscopy offers unprecedented glimpses into the properties

of weakly interacting species. Ensemble measurements result in a weighted average of all

the interactions present in a molecular system. Single molecule spectroscopy allows for the

contributions of individual molecules interacting in unique environments to be uncovered.

Here, single molecule spectroscopic techniques, and in particular single molecule Raman

spectroscopy, was developed to study the vibrational spectra of weakly bound molecular
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systems interacting through weak noncovalent interactions. This was accomplished in solu-

tion, as shown in Figure 5.1 and is being developed for use in vacuum or select atmospheres

using a newly developed experimental method.

Shown in Figure 5.1 are (A) the SERS spectrum from a single rhodamine 6G molecule

and (B) Raman spectra of the same single citrate ions in aqueous solution at two different

periods in time. These surface enhanced Raman spectra (SERS) were acquired in the pres-

ence of silver nanostructures and each represents a one second integration time. The silver

nanoclusters for these measurements were synthesized using the common citrate reduction

method. Laser light from a Coherent Innova 200 Ar ion laser was directed into a Nikon

TE2000 microscope and a 1.4 numerical aperture objective to the sample. Single molecule

emission was detected using a computer controlled grating spectrometer and EMCCD cam-

era. Readily visible in Figure 5.1 are the C-H stretching vibrations at 3000 cm−1 of the

citrate ion. In the energy range from 2000 - 2500 cm−1, a broad feature is observed the

majority of the time. However, for a small fraction of the total time of observation, a sharp

peak appears that is not observed at all in the bulk Raman or infrared spectra and cannot

be accounted for as a fundamental normal mode of the molecule. In determining the origin

of this spectral feature, it is important to remember that the citrate ions in aqueous solution

have a number of hydrogen bonding locations available, three of which are shown in the third

panel of Figure 5.1 . These hydrogen bonds and the intramolecular hydrogen bond are very

strong and in fact are expected to lead to a shared proton between either the water molecule

or the hydroxyl group and the charged carboxyl group. The spectral signature of such a

shared proton is in fact expected to exist in this approximate location. It was determined
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Figure 5.1: SERS spectra of (A) a single rhodamine molecule and (B) the same citrate ions
in aqueous solution at different times along with (C) an optimized structure of three water
molecules hydrogen bonded to a citrate ion.
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through this research that the citrate reduction method resulted in too much contamination

and is not suitable for the single cluster studies detailed below. Subsequently, other research

group members have developed methods for the deposition of silver island films that result

in much less contamination.

Shown in Figure 5.2 is an experimental schematic and photograph of a vacuum-based

setup for the creation of gas phase molecular clusters and their subsequent vibrational spec-

troscopic analysis. This vacuum-based experiment setup was developed as a prototype to

obatin funding for future single molecule SERS studies that are currently being carried out

by our group. In these studies, molecular clusters will be created (A) by direct expansion

in a molecular beam and the size distribution of the neutral clusters will be probed (B)

by multi-photon ionization using a mini time of flight mass spectrometer (C) orthogonal

to the neutral clusters’ trajectories. The experimental conditions will be optimized for the

preferential creation of specific cluster sizes of interest. The neutral molecular clusters will

be deposited on a substrate containing a thin film of silver nanostructures (D). Surface en-

hanced Raman spectroscopy (SERS) will then be performed using cw laser excitation (F), a

high numerical aperture objective (G), and appropriate dichroic and notch filters (H). The

emitted Raman signal (I) will be detected using a CCD camera (J). An air lock will be in-

corporated (at D) so that the sample stage (with an appropriate substrate covering) can be

exchanged frequently. By creating specific single molecular clusters and studying their struc-

tures using vibrational spectroscopy, a much clearer picture of the inherent heterogeneity

that exists in such weakly bound systems will come into focus.
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Figure 5.2: Experimental setup for vacuum studies and photograph of apparatus.
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5.3 Theoretical Methods

SERS spectra of pyrimidine in aqueous solution are being studied by our research

group. For this research, the interactions between pyrimidine and silver were studied using

density functional theory (DFT) computations. These calculations were performed with

the Gaussian 09 software package and the Amsterdam Density Functional software pack-

age [69]. Small explicit pyrimidine structures interacting with water and/or silver atoms

were optimized and harmonic vibrational frequencies were calculated at the B3LYP/6-

311++G(2d, 2p)/LanL2DZ level of theory. LanL2DZ was employed on silver atoms and

6-311++G(2d, 2p) on all non-silver atoms. Natural bond orbital (NBO) analysis will fol-

low. The results of theoretical calculations are compared to experimental data of pyrimi-

dine/water taken on silver island films.

modes pyrimidine 1w + 0 Ag2 + 0 Ag2 + Ag2 Ag2 + 1w

ν6b 637.7 +4 +9 +19 +15

ν6a 696.9 +4 +2 +1 +4

ν1 1009.6 +8 +11 +19 +17

ν9a 1082.7 +1 +2 +4 +2

ν3 1400.3 +1 +2 +2 +3

ν8a 1607.1 -1 -4 +3 +1

ν8b 1606.1 +9 +14 +15 +15

Table 5.1: Vibrational shifts of select normal modes of pyrimidine interacting with water
and/or silver atoms compared to the pyrimidine monomer (in cm−1).
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Figure 5.3: Optimized molecular clusters composed of pyrimidine, silver, and water

77



mode pyrimidine pyr-water pyr-Ag pyr-water-Ag

ν6b 624 +13 +3

ν6a 679 +4 +1

ν1 990 +15 +12 +13

ν9a 1139 +5 -1 +1

ν3 1228 +4 +6 +5

ν8a 1564 +6 -3 -4

ν8b 1571 +12 +10 +9

Table 5.2: Original location of select vibrational modes of pyrimidine and the shift observed
in Raman and SERS spectra of pyrimidine and pyrimidine/water (in cm−1).

78



CHAPTER 6

HIGH LEVEL ELECTRONIC STRUCTURE CALCULATIONS ON

AMMONIA BORANE

6.1 Introduction

Recently, our research group studied the B-N dative bond in methylboronic acid (MBA)

N-methyliminod-acetic acid (MIDA) protected boronate ester [70]. In an attempt to assign

the B-N stretching frequency in the Raman and infrared (IR) spectra, we performed density

functional theory and ab initio calculations. These calculations gave very different results.

In order to determine the best method and basis set combination to study the intramolecular

interactions of the B-N dative bond, ammonia borane, the simplest B-N containing molecule,

was chosen for more in depth study. Ammonia borane has gained much attention as a

potential hydrogen storage because of its high hydrogen content, 19.6 wt % [71] and also

contains interesting intermolecular interactions along with its intramolecular interactions.

Ammonia borane is a classic example of a Lewis acid/base complex. The lone pair

of electrons on nitrogen is donated to the boron to form a dative bond, also known as a

coordinate covalent or dipolar bond. Ammonia borane’s simplicity and small size should

make it an ideal molecule to study dative bonds theoretically, but previous studies have

shown large disagreement between theoretical results from certain computational methods
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and experimental values. A neutron diffraction study [72] and a X-ray diffraction study [73]

show the B-N bond length of ammonia borane to be 1.58 and 1.597 Å respectively. However,

two microwave studies [74,75] report the B-N length to be 1.66 and 1.672 Å in the gas phase, a

considerable difference to that of the solid state. Experimental vibrational studies [72,76–81]

show the B-N stretching frequency to be around 770-790 cm−1 regardless of phase, solid state,

solution or in an argon matrix. Unfortunately there are not many gas phase ammonia borane

experiments. Recently Sams et al. published the first vapor phase infrared (IR) absorption

spectrum of ammonia borane [82]. However, the B-N stretch is a Raman-active vibrational

mode and only a very small IR intensity can be expected. The authors noted a “bump” at 612

cm−1 possibly due to the B-N stretch of ammonia borane but ultimately assigned the “bump”

to a vibrational mode of contaminant amino borane. Reported theoretical B-N stretching

frequencies are significantly smaller than experimental values, over 100 cm−1 difference,

making it unclear which method is appropriate for investigating this dative bonded system.

In 2003 Dillen and Verhoeven [83] performed a computational study to simulate the

crystal structure. The authors embedded a single ammonia borane molecule in its known

crystal structure. The central molecule was fully optimized while the neighboring molecules

were kept fixed. The B-N bond length and B-N strectching frequency of the central ammonia

borane was recorded as an increasing number of neighboring molecules were added, which

lead to a dramatic shift in frequency. Adding 18 neighboring molecules shifted the frequency

as much as 194 cm−1, a number that agrees more closely with experimental crystal studies.

In order to understand the discrepancy between theory and experiment, the sensitivity

of the B-N dative bond to method and basis set was analyzed by computing the B-N bond
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length and the B-N stretching frequency of the ammonia borane monomer. Here, we look

for the least computationally demanding method and basis set combination that yields

trustworthy results for this dative bonded system. Previous researchers have demonstrated

the inaccuracy of the B3LYP method for describing this type of bond. We compare results

using the M06-2X [84] hybrid density functional with high level ab initio methods. We also,

for the first time, perform coupled-cluster frequency calculations on the ammonia borane

C2h dimer. Vibrational frequencies of small ammonia borane clusters are also presented.

6.2 Computational Details

Electronic structure calculations were performed on the ammonia borane monomer. Full

geometry optimizations and harmonic vibrational frequencies with five different methods

using double-zeta (DZ), triple-zeta (TZ), and quadruple-zeta (QZ) correlated consistent

basis sets were calculated. Solvation effects were modeled with polarizable continuum model

(PCM) calculations at the M06-2X/6-31++G(d, p) level of theory. In order to investigate

the effects of dihydrogen bonding, full geometry optimizations and harmonic vibrational

frequencies with four different methods using DZ and TZ correlated consistent basis sets

were performed on the C2h ammonia borane dimer. Also, results from correlated consistent

basis sets (developed by Dunning and coworkers [85]) were compared to results from split

valence basis sets (developed by Pople and coworkers [86]) on ammonia borane dimers.

Further calculations on small ammonia borane clusters were computed at the M06-2X/6-

311++G(2df, 2pd) level of theory.

All density functional theory (B3LYP and M06-2X) and Moller-Plesset (MP2) calcula-
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tions were performed with the Gaussian 09 software package [66] and all coupled-cluster

(CCSD and CCSD(T)) calculations were performed with the CFOUR software package [87].

6.3 Experimental Details

Crystalline phase spectra of ammonia borane were acquired using a Labview-controlled

Jobin-Yvon Ramanor HG2-S Raman spectrometer equipped with a double grating (2000

grooves/mm) monochromator and a photomultiplier tube detector. The 514.5 nm laser line

of a Conherent Innova 200 Ar+ laser was used as the Raman excitation source. A 514.5 nm

laser line filter (Thorlabs) was placed in front of the sample.

6.4 Results and Discussion

B-N bond lengths (Table 6.1) and B-N stretching frequencies (Table 6.2) are presented for

five different methods. As previously reported, B3LYP does a poor job at predicting exper-

imental values and also at predicting CCSD(T) values, “the golden standard” as well. Here

we see that the M06-2X method more closely approximates the CCSD(T) values than MP2,

as illustrated in Figure 6.1. M06-2X is less computational demanding than coupled-cluster

methods. Therefore, from this information, we conclude that M06-2X with a TZ basis set is

an inexpensive combination to estimate results from coupled-cluster calculations. However

there is still a large discrepancy between theory and experiment. Monomer calculations, re-

gardless of method and basis set, overestimate the B-N bond length and underestimate the

B-N stretch in ammonia borane when compared to experimental values. While reasonable

for computational calculations on a monomer to disagree with solid state experiments, this
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does not explain the discrepancy between theory and the solution phase and argon matrix

experiments [76, 77, 88].

Table 6.1: Calculated B-N bond lengths in ammonia borane with different methods and
correlation consistent basis sets.

Basis Set B3LYP M06-2X MP2 CCSD CCSD(T)

r(B-N)Å

cc-pVDZ 1.654 1.644 1.657 1.663 1.663

cc-pVTZ 1.659 1.650 1.65 1.654 1.655

cc-pVQZ 1.657 1.647 1.648 1.649 1.65

Table 6.2: Calculated B-N stretching frequencies in ammonia borane with different methods
and correlation consistent basis sets.

Basis Set B3LYP M06-2X MP2 CCSD CCSD(T)

ω(B-N) cm−1

cc-pVDZ 650.6 693.8 675.9 662.2 662.7

cc-pVTZ 645.4 681.9 686.7 677 677.4

cc-pVQZ 645.9 686.0 688.1 678.7 678.6

In order to understand the frequency shift in the solution phase, we performed polarizable

continuum model (PCM) calculations to model solvation effects. In these calculations, the

ammonia borane molecule was surrounded by a continuum dielectric constant. Calculations

were performed at the M06-2X/6-31++G(d, p) level of theory, shown in Table 6.3. As the

dielectric constant was increased, the B-N bond length decreased which results in an up-field

shift of the B-N stretching frequency. These calculations also show that ammonia borane

is very sensitive to its environment, even interacting with typically inert argon, resulting in

an up-field shift of 20 cm−1. This result could partly explain the shift in the argon matrix
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Figure 6.1: B-N bond lengths and vibrational frequencies of the B-N stretch in ammonia
borane monomer versus basis set order.
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experiment, but not the full magnitude of the observed shift.

Table 6.3: Polarizable continuum model (PCM) calculations: B-N bond lengths and B-N
stretching frequencies of ammonia borane in solvents with various dielectric constants.

Solvent Dielectric r(B-N) ω(B-N)

None 1.658 675.4

Argon 1.4 1.649 695.4

Cyclohexane 2.0 1.644 708.8

Methanol 32.6 1.624 752.1

Acetonitrile 35.7 1.624 753.8

Water 78.4 1.624 754.0

The remaining discrepancy between theory and solution phase studies along with the

argon matrix study could in large part be due to noncovalent interactions, in particular

dihydrogen bonding (N-Hδ+ · · ·−δH-B) between molecules. In order to investigate the effects

of dihydrogen bonding, we performed calculations on small clusters of ammonia borane

(Figure 6.2). Dillen and Verhoeven also performed calculations on clusters but frequencies

were only calculated at the SCF level and MP2 on small clusters.

First, we performed geometry optimizations and vibrational frequency calculations on the

C2h ammonia borane dimer with four different methods (Figure 6.3). We see a trend similar

to that observed with the monomer calculations. Vibrational frequencies are approximately

the same between M06-2X and MP2 when utilizing a TZ basis set. We also performed M06-

2X and MP2 calculations with additional basis sets on two dimers, C2h and C3v. As shown in

Table 6.4, similar results are obtained using 6-311++G(2df, 2pd) compared to aug-cc-pVTZ.

We continued our calculations on clusters using M06-2X/6-311++G(2df, 2pd) (Table 6.5).

From cluster calculations we see the dihydrogen bonding causes a decrease in B-N bond
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Figure 6.2: Structures of ammonia borane clusters.
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Figure 6.3: B-N bond lengths and vibrational frequencies of the B-N stretch in ammonia
borane C2h dimer versus basis set order.
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Table 6.4: Comparison of bond length, vibrational frequencies, and interaction energies of
ammonia borane dimers calculated with many combinations of methods and basis sets.

Method Basis Set r(B-N)Å ω(B-N)cm−1 Eint

C2h

6-311++G(2df, 2pd) M06-2X 1.626 742.2-749.1 -16.11

MP2 1.626 745.1-752.1 -15.68

aug-cc-pVTZ M06-2X 1.626 743.5-748.2 -15.92

MP2 1.628 743.4-749.5 -15.93

CCSD 1.633 724.9-732.1 -14.86

CCSD(T) 1.634 · · · -15.81

C3v

6-311++G(2df, 2pd) M06-2X 1.635-1.636 716.9-727.9 -6.95

MP2 1.634-1.635 719.9-726.4 -6.45

length and an up-field shift in B-N frequency, providing values that agree more closely to

experimental observations. The frequencies are very structure dependent. The largest shift

by far comes from the central molecule in the tetramer C3v structure, the molecule which

participates in the most dihydrogen bonds.

Figure 6.4 shows the crystalline phase Raman spectrum of ammonia borane. Figure

6.5 compares the B-N stretching region of the experimental Raman spectra with simulated

spectra of the monomer and the D2d tetramer cluster. The much better agreement between

experiment and the simulated spectrum of the ammonia borane cluster suggests dihydrogen

bonding plays a significant role on the structure and vibrational spectrum of ammonia

borane.
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Table 6.5: Calculated bond lengths, vibrational frequencies, interaction energies, and av-
erage bond dissociation energies of several ammonia borane clusters at the M06-2X/6-
311++G(2df, 2pd) level of theory.

Symm r(B-N)Å ω(B-N)cm−1 Eint BDE

Monomer C3v 1.649 684.6 · · · -31.97

Dimer C2h 1.625 745.6-750.4 -16.10 -40.02

C3v 1.633-1.635 720.5-730.3 -6.94 -35.45

Trimer Cs 1.607-1.629 736.2-793.9 -29.20 -41.71

C3h 1.616 770.0-776.9 -27.00 -40.97

Tetramer D2d 1.617 767.9-769.6 -48.76 -44.16

S4 1.616 767.7-768.8 -45.50 -43.35

C3v 1.592-1.633 727.1-829.9 -39.43 -41.83

Hexamer D3d 1.612 780.5-783.7 -82.74 -45.76
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Figure 6.4: Raman spectrum of solid state ammonia borane.
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Figure 6.5: Comparison of theoretical and experimental B-N stretching frequenciesin am-
monia borane between theoretical monomer (M06-2X/cc-pVTZ), theoretical cluster (D2d

tetramer and M06-2X/6-311++G(2df, 2pd)), and experimental (solid state).
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6.5 Conclusions

The results presented here suggests that the M06-2X method works very well for de-

scribing dative bonded systems. However, monomer calculations performed on ammonia

borane, regardless of method, overestimate the B-N bond length and underestimate the B-N

stretch in ammonia borane when compared to experimental values. Calculations performed

on clusters of ammonia borane molecules significantly shifts the B-N stretching frequency

to higher energies, agreeing much more closely to experimental observations. These clusters

also possess significant binding energies. Because of these strong intermolecular interac-

tions, clusters may be able to form in solution and gas phase explaining the vibrational shift

observed in solution and argon matrix studies. A manuscript detailing these results is in

preparation.
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