Simulation of the Resonance Raman Spectra For Uracil and its Derivatives

by

Shuai Sun

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy

Department of Chemistry

University of Alberta

(©Shuai Sun, 2015



Abstract

In this thesis, we simulated the resonance Raman spectra of uracil and its derivatives,
including 5-halogenated (F, Cl, Br) uracils and thymine, using the Herzberg-Teller
short-time dynamics formalism. The electronic structure calculations are carried out
using density functional theory (DFT) for ground states and time-dependent density
functional theory (TD-DFT) for excited states. As the resonance Raman spectra are
governed by the ground state normal modes and the excited state Cartesian gradient,
the resulting spectra are examined in terms of these two factors.

In the simulation of the resonance Raman spectrum for uracil, the performance of
different functionals is investigated. The ground state geometry is optimized at the
levels of PBEO/aug-cc-pVTZ and B3LYP /aug-cc-pVTZ, respectively. The gradient
of the bright excited state is computed using Time Dependent Density Functional
Theory (TD-DFT) and Spin Flip Time Dependent Density Functional Theory (SF-
TD-DFT). The excited state calculations are carried out in both the gas phase and
implicit water using the conductor-like Polarizable Continuum (C-PCM) Model. The
ground state equilibrium structure is found to impact the resulting resonance Ra-
man spectrum significantly. The simulated resonance Raman spectrum using the
long range corrected functionals, i.e., CAMB3LYP and LC-BLYP, and based on the
PBE(/aug-cc-pVTZ optimized ground state structure shows better agreement with
the experimental spectrum than using standard hybrid functionals, i.e., PBEO and

B3LYP. The solvation effect leads to a change in the energetic order of the n — 7*
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and m — 7" excited states, and it improves the agreement with the experimental spec-
trum, especially with regard to the relative intensities of the peaks with frequencies
greater than 1600 cm™!.

The resonance Raman spectra of the 5-halogenated (F, Cl, and Br) uracils are
simulated, and the effects of halogen substitution are investigated through the com-
parison between the spectra of the three 5-halogenated uracils. The gradient of the S}
excited state is computed at the CAMB3LYP /aug-cc-pVTZ level of theory in implicit
water (C-PCM), based on the equilibrium geometry determined using PBE(/aug-cc-
pVTZ in implicit water (C-PCM). The simulated resonance Raman spectra show good
agreement with the experimental spectra both in terms of peak positions and inten-
sities. The differences in the normal mode eigenvectors and excited state Cartesian
gradients between 5-fluorouracil and 5-chlorouracil are used to interpret the dissim-
ilarity between their resonance Raman spectra. Meanwhile, the similarity between
the spectra of 5-chlorouracil and 5-bromouracil is explained by the correspondence
between their normal modes and excited state gradients.

The effects of explicit hydrogen bonding with HoO on the resonance Raman spec-
tra of uracil and thymine are also investigated computationally. The three bonding
sites in uracil and thymine that form lowest energy uracil-H,O and thymine-H,O
complexes are examined. The ground state structures of the three uracil-H,O and
corresponding thymine-H,O complexes are optimized at the PBE0/aug-cc-pVTZ level
of theory in H,O (C-PCM), and the gradients of the bright excited state (S) are com-
puted at the TD-CAMB3LYP /aug-cc-pVTZ level of theory in H,O (C-PCM). Explicit
hydrogen bonding to water is found to cause significant changes in the resonance Ra-
man spectra of uracil and thymine when compared to the isolated molecules. The
effect of hydrogen boding is primarily on the ground state normal mode character,

especially for the high frequency modes (> 1600 cm™!), rather than on the excited
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state Cartesian gradients. Different hydrogen bonding sites are found to have differ-
ent contributions in the resulting resonance Raman spectra, and inclusion of explicit
hydrogen bonding on the carbonyl bond opposite to the ring nitrogen is necessary
to obtain good agreement between the simulated and experimental resonance Raman
spectra of uracil and thymine.

While accomplishing the research in this thesis, an interface of the resonance
Raman computer code in ORCA (orca_asa) to GAMESS-US and Gaussian09 was
developed. The resulting software can be used as a general tool for computing reso-
nance Raman spectra. Therefore, in principle any electronic structure method that
can determine a (numerical or analytical) Hessian can be used to compute the ground
state. Meanwhile, a variety of methods could be used to determine the excited state
gradients either analytically, or, in a much more computationally expensive fashion,
numerically. Where available, solvation effects can be accounted for via polarizable
continuum models (PCM) or, if specific solute-solvent interactions are important,

with explicit solvent + PCM.
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Chapter 1

Introduction

Raman spectroscopy is an experimental measurement of the Raman scattering phe-
nomenon that occurs when a molecule interacts with an incident electromagnetic field
of an appropriate wavelength.! In the Raman scattering process, the molecule is pro-
moted to a higher vibrational state (or demoted to a lower one) after the molecule
interacts with the incident light, see Figure 1.1(a). Thus, the frequency of the emitted
photon is different from the incident light. In other words, Raman scattering is an
inelastic process. When the energy of the incident light is very close to an electronic
transition energy of the molecule, the intensities of Raman spectra are significantly
enhanced; the resulting spectrum is referred as resonance Raman spectrum. In Figure
1.1, we compare the resonance and the (off-resonance) Raman scattering processes.
In (off-resonance) Raman spectroscopy, the information obtained is only about the
ground state properties of the molecule. However, resonance Raman spectroscopy can

provide information about the electronically excited state properties of the molecule.?
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Figure 1.1: Comparison between the (a) (off-resonance) Raman scattering and (b)
resonance Raman scattering. |g) and |e) stand for electronic ground and excited states,
respectively. |I), |N) and |F) are the initial, intermediate and final vibrational states,
respectively. The dashed line represents the virtual intermediate state.

In this chapter, the theoretical background of resonance Raman spectroscopy is
reviewed, and three commonly used methods for simulating resonance Raman spectra
are introduced. Second, the applications of resonance Raman spectroscopy will be
introduced, where the focus is on both biological molecules, e.g., nucleic acids and pro-
teins, and inorganic molecules, e.g., transition metal complexes. Finally, the methods
developed and research carried out as part of this thesis in the area of computational

simulations of resonance Raman spectroscopy will be outlined.

1.1 Theoretical Background

1.1.1 Kramer-Heisenberg-Dirac equation

In Raman and resonance Raman spectra, the spectral intensity, corresponding to
the transition ¢ — f, is proportional to the square of the modulus of the transition

polarizability, |a;¢|?. Although there are a plethora of methods used to compute



the transition polarizability, most of them begin with the Kramer-Heisenberg-Dirac

(KHD) equation,®?®

- Z (Uil | e} "

Wy +w Wpi — W
where [7), |n) and |f) are the initial, intermediate and final vibronic states, respec-
tively, wj; is the frequency corresponding to the energy differences between states j
and k, and w is the frequency of the incident radiation. The KHD equation is de-
veloped and, thus, named after three scientists, Kramer, Heisenberg®* and Dirac.?
Although the derivation of KHD equation has been presented in many standard text-
books, »%7 for the completeness of understanding, its derivation is outlined in this
introduction.

To derive Equation 1.1, we start with evaluating the transition dipole moment,
(r(t)|p|1i(t)), using the time-dependent wavefunction. The following derivation
is in the framework of first-order time-dependent perturbation theory (TDPT). In
TDPT, the wavefunction of the vibronic state 7 can be expressed as a combination of

unperturbed states,

|i(t) Zc tye ). (1.2)

The time dependent coefficients, ¢! (¢), are given by

t

c(t) = 6pi — % / dt'e“nt' v, (1), (1.3)

0

where V,,; is the matrix element of the perturbation.
The perturbation is defined as V' = pFE, where pu is the dipole moment operator
and E = Zo(e7 ! 4 ') is the electric field. Therefore, the matrix element of the

perturbation, V,,;, is given as
—1 A\ wt —iwt
Vait) = — (nluoli) (€™ + ™)

—1 . iw —iw
= Gl (¢ + e B, (1.4)

— _%(elwt + e—lwt).



After substituting V,,; into Eq (1.3), the coefficients are given as

t

. ) i C -
C;(t) _ 5m 4 Lni L0 /dtlelwmt (elwt + e—lwt)

2h
0 (1.5)
_ 5m N ,umEO ei(w—&—wm)t -1 B e—i(w—wm-)t -1 '
2h W + Wy W — Wni

Therefore, Eq 1.2 can be written as

. . i(wHwp)t _ 1 —i(w—wni)t _ 1 .
4 _ —iEit/h); pniLo | e e iEat/h
it)) = e i)+ — 2h [ W+ Wy W — W € n)
iwt —iwnit —iwt —iwnit (16>
— Bt/ ] ) 4 N e I e n)
n 2h w+ Wi W — Wnp; '

Under the rotating wave approximation (RWA), we can drop the e7“ni’ term. There-

fore, the resulting wavefunction becomes

iwt —iwt

|wi<t>>=e-iE”/h{\z'>+ e W}. (17)

W + Wpi W — Wni

Similarly, the wavefunction for final state f, can be written as

—iwt

_ iEst/h ppnEo | e _ et
(s (0)] = & {<f\+n ] <n\}. (1.9

If the time-dependent wavefunction, |¢;(t)) and (¢(t)| (Egs 1.7 and 1.8) are sub-

stituted into the expression for transition dipole moment, (¢ ;()|u|1;(t)), we obtain

(r ()| pla(t)) = e {(f\u\ )

—iwt

Z 1wt B e—lwt E e B e
Mo fni W+ wg W — 2h anufn w1+ Wny W — Wny

_ iwgt perm
Nt {qul
1 1 nHni niMfn i 1 niMfn nMni —i
4+ Z Lo Binfni  Hnifly ewt 4 = Hniftfn — Hfnf et E,
2 h\w+wp w—wyf R\wHwpf w—wp

e ).

(1.9)



The leading term in the curly brace of Eq 1.9 gives the transition matrix element of
the permanent transition dipole moment between the initial state ¢ and final state
fo ™ = (fluli), and the second term gives the induced transition dipole moment.

Therefore,

) 1 1/ u ; ; . 1 ; ; ;
ind frntni Hni [l fn iwt Hnillfn Hfnfni —iwt
P =5 g - — + = - E,
Hrio =5 - [h <w+wm- w—wnf)e h<w+wnf w—wm-)e ] ’

_ = Z Lo Hnifly + Hinp e Wt 4 = Hfn + Hnillf elwt E,.
2 ~ h\wnp+w  wp —w h\wpi+w = wypf—w

(1.10)

If we define the first term in the square bracket as a;_,;
Hnillfn Hfntni
iy = hz (wanrw wm—w)’ (1.11)

and utilize the relationship that ;. = a}_,; (Hermitian), Eq 1.10 becomes

. 1 ) )
:ulfnzd i |:O[Z'_>f€_lwt + aﬂ}_nelwt} EO

2
EO —iw iw
:ai_>f7(e b+ eh) (1.12)
= OéinE.
Hence, we confirmed the quantity we defined previously, s, is the transition po-

larizability, and the quantity defined by Eq 1.11 is the KHD equation.

1.1.2 Approximations and further simplifications

To utilize the KHD equation in practical computations, Eq 1.11 must be simplified
further using several approximations. These approximations include the Born Oppen-
heimer (BO) approximation, the Condon approximation and the resonance condition.

Since |i), |n) and |f) in Eq 1.11 are all vibronic wavefunctions, according to the
BO approximation, these wavefunctions can be separated into electronic and nuclear
contributions, and the overall vibronic wavefunction can be written as the product of

these two parts. Therefore, we have

) = |1he(r; Q) X7(Q)) = [9)]T)
n) = [9e(r; Q)IXN(Q)) = [€)|N) (1.13)
1) = g (r; @) IXE(Q)) = |9)| F),



where |g) and |e) are the electronic wavefunctions for the ground and excited states,
respectively; |I), |N) and |F) are the vibrational wavefunctions for the ith, nth, and
fth state.

Accordingly, the transition dipole moments in Eq 1.11 can be evaluated under the

BO approximation as
ppn = (fluln) = (FglpleN) = (F|(g|ule)|N) = (Fluge| N)
Hni = <N’:uge|]>>

where fig4 is the transition dipole moment evaluated with respect to the electronic

(1.14)

wavefunction.
Since fi4. parametrically depends on the normal mode coordinate (), it can be

expanded in a Taylor series along the normal mode coordinate,

3N—6

Olbge
. oe ( g ) 4 1.15
g (Q) = fge T kg_l 90x OQk ( )

where the subscript 0 indicates the equilibrium position.
Invoking the Condon approximation, only the leading term in Eq 1.15 is kept and
the rest of the terms are neglected. Therefore, the transition dipole moments in Eq

1.14 are further reduced to 0
,an = :uge<F|N>

pini = oo (N |T),

where the overlaps between the vibrational wavefunctions, i.e., (F|N) and (N|I) are

(1.16)

known as Frank Condon (FC) Factors.

In the resonance Raman process, the energy of the incident photon is very close
to the electronic transition energy, w,; =~ w, so the second term in the brace of Eq
1.11 becomes the dominant term. Based on this resonance condition, the second term
is kept and the first can be neglected. After these three approximations are applied,
the KHD equation can be written as

(13.)? (<F1N><N|I>) |

Qi f =
! h Wpi — W

(1.17)

Finally, rewriting wy,; as wge +w;,, — w;, and adding a damping term —iI" in the de-

nominator of 1.17, the polarizability in resonance Raman spectroscopy can be written

6



* (10,)? (F|N)(N|I)

A ~ (wge + Wy, —wp —w — iF) ’ (1.18)

where T' is the linewidth parameter characterizing homogeneous and inhomogenous

broadening. Equation 1.18 is also referred to as the Albrecht A term in the litera-
ture.?

The resonance Raman spectrum can be simulated directly by computing each
term in the KHD equation (Eq 1.11) or in its simplified version, i.e. Eq 1.18. Since
in this formalism, one needs to sum over each of the intermediate vibrational states
and determine the overlap between them, this approach is often called the “sum-over-
states approach.”? The resonance Raman excitation profile, o(w), can be defined as

8retwiw
U(w) = 904 |ai4)f|27 <119>

where w; is the frequency of the scattered photon, e is the charge of electron and ¢ is

the speed of light.

1.1.3 Time-dependent wave packet approach

Since the sum-over-states (time-independent) approach can be computationally ex-
pensive to implement in practice, one may wish to simulate resonance Raman spectra
in the time domain. This alternative approach, based on the time-dependent wave
packets, was initially developed by Heller,'® and applied to resonance Raman spec-
troscopy simulations by Lee and Heller.'%!! In this approach, the KHD equation is
converted from the frequency domain into the time domain, and the resonance Ra-
man spectra are simulated by determining wave packet dynamics on the electronically
excited state.

To derive the time dependent formalism, we first need to recognize the following

half-Fourier relationship,

1 [ o
— 71(w71F)tdt‘
—i(w Y /6 (1.20)
0



Using the half-Fourier relationship, Eq 1.18 can be rewritten as

Qi p = i(u;};) /dtZ<F|N><N]I> exp [—i(wge + wyp —w; —w —il)t].  (1.21)

0

Since

(N exp [—i(wge + wn)t] = (V] exp {—M} — (N]exp {—%} C(122)

_int

where H is the excited state vibrational Hamiltonian, and exp [ N } is a time prop-

agator (with a phase factor exp [—I(E%)t} ), we can rewrite Eq 1.21 as
(/’[’26)2 ,th/h . .
dt Y (FIN)(Nle 1) exp [i(w; +w + )] . (1.23)
N

0

—iHt/h

If we consider the propagator e to act on the right hand side, then a;_, s can be

determined in the time domain as

(Hge) /dt(F|I(t)>eXp [i(w; +w)t]exp(—T't), (1.24)

Qi =1
0

where |I(t)) = e /" I) is a time dependent vibrational wave packet that evolves on

the excited state.

1.1.4 Transformation theory

Transformation theory simulates resonance Raman spectroscopy by exploiting the re-
lationship between the optical absorption spectrum and the resonance Raman spec-
trum. This approach was developed independently by the groups of Blazej and Peti-

2 and Tonks and Page.!3'* Transformation theory is based on the facts that

colas, !
(1) the cross section of the optical absorption spectrum is proportional to the imag-
inary part of the Rayleigh scattering amplitude, (2) the polarizability of the Raman
scattering process can be written in terms of real and imaginary parts of the Rayleigh
scattering amplitude, and (3) the real and imaginary parts of the Rayleigh scatter-

ing amplitude are related by the Kramers-Kronig (KK) transformation. Therefore,



if the KK transform is applied to information in the optical absorption spectrum,
the resulting mathematical relationship would be an expression that connects the
polarizability and the absorption cross section.

The polarizability determined using transformation theory is given as

Ay

Q0o = 4, 2 0() — B — )], (1.25)

where w; is the vibrational frequency of the (Raman active) normal mode, and A,
is the dimensionless displacement of this mode (for the definition see Section 1.1.5).

The function ® is defined as

@(w):iWUA£w>+P /%dw' , (1.26)

where 0 4(w) is the absorption cross section at the incident frequency w and P denotes
the Cauchy principal value integral.

The three main approaches introduced in this chapter (sum-over-states, time de-
pendent, and transformation theory) are related to each other. The relationship is
clarified and illustrated by Myer et al., see Figure 2 in Ref 2. To the best of our
knowledge, among the three approaches, only the time dependent approach has been
coded in (commercial or freely) available software packages including ORCA, %16
NWCHEM, '"!® and ADF,' 22 while the codes for the other two approaches have not
been made available for public use. More detailed discussions of the three approaches
can be found in Refs 2 and 23.

Besides the three common approaches for simulating resonance Raman spectra,
there are also other methods, such as the Shorygin method?® and Savin’s Equa-
tion. %26 Combining the polarizability theory and the dispersion equation, Shorygin
developed a semiclassical approach for computing the resonance Raman intensities
via the vibrational frequencies and normal mode displacements (for the definition
see Section 1.1.5). Savin developed equations for simulating the resonance Raman
intensities in the pre-resonance region (w < wye). Due to the limitation of their accu-

racies in the simulations of resonance Raman spectra, these two methods will not be



elaborated further. More detailed discussions about these two methods can be found

in Ref 23.

1.1.5 Independent mode displaced harmonic oscillator model

From the discussions above, the use of the sum-over-states approach requires com-
puting FC factors, i.e., (F|N) and (N|I). Meanwhile, the time dependent formalism
also relies on the determination of the FC factor, (F'|I(t)), which describes the wave
packet propagation. Since the vibrational wavefunctions in these overlaps are multi-
dimensional functions in terms of 3N — 6 normal mode coordinates, evaluating these
overlaps could be computationally costly. To solve this problem, the FC factors can be
evaluated via the independent mode displaced harmonic oscillator (IMDHO) model.
This model is also used in the derivation of transformation theory.

Here the use of the IMDHO model is only shown within the time dependent
formalism, and its use in the sum-over-states approach and transformation theory can
be found in Refs 2, 27 and 28, respectively. Using the IMDHO model, the overlap
with 3N — 6 variables, (F'|I(t)), can be written as products of 3N — 6 independent
one dimensional overlaps,

3N—-6

(FII) = [T El (). (1.27)

k=1
If we assume the vibrational modes have no frequency shifts upon electronic excita-
tion, then each overlap integral between two one dimensional harmonic oscillators in
Eq 1.27 can be readily evaluated to give®

3N—-6 (_1)mkAmk ) 72%%:(176fiwkt) . .
(FII(t)) = H{ — (1—e—1“kt>mk}e F et (1.28)

my |
T 2 my.

where 4}, is the the displacement between ground and excited-state potential minima
in dimensionless normal coordinates of the kth mode, and my, is the excitation number
of the kth mode in the vibrational state |F).

Applying the expression above to Eq 1.24, we obtain the final expression of the

10



transitional polarizability in the time-dependent approach,

. 3N—-6
i (—1)m AT
o =3 () {—k} y

uos |
b1 2 my.

00 an_ @ 2 .
3N—-6 Z%(1_e—lwkt)+j(w—wge)t—f‘t

/dt H {(1—eistym} e F
9 k=1

(1.29)

1.1.6 Determination of dimensionless normal mode displace-

ments

Since A represents the shift in origin (equilibrium position) between the ground and

excited electronic states along the normal modes, the values of A along each normal

coordinate can be determined via electronic structure calculations. In the following,

we introduce three approaches to compute the values of A.

(1)

The first method is to determine the normal mode displacements by compar-
ing the ground and excited state optimized geometries. The structure of the
molecule needs to be optimized in both ground and excited electronic states, and
the differences between these two optimized structures are determined in Carte-
sian coordinates. These differences can then be projected onto the normal mode

coordinates via a transformation matrix,
Aq =LTDM™) (1.30)

where D™) is the vector that contains the mass weighted differences in the Carte-
sian coordinates, and L is the transformation matrix between mass-weighted
Cartesian and normal coordinates. Therefore, the displacement along normal

modes can be determined and stored in matrix Aq.

The second method is to compute the normal mode displacement via the Carte-
sian excited state gradients at the vertical excitation geometry, i.e., ground state
equilibrium geometry. In this method, it is assumed that the shift of the molecule
from the vertical excitation geometry to the excited state minimum is accom-

plished by one single Newton-Raphson step. Therefore, the shift between the

11



ground and excited state minima is governed solely by the gradient at the verti-
cal excitation geometry. If the normal modes are assumed to be parallel and the
frequencies are the same for ground and excited states, the excited state gradients

and the normal mode displacements can be related by
Aqg = A'TT™M 2Vy. (1.31)

Here Agq is the matrix of ground state normal mode displacements, A is the
diagonal matrix of eigenvalues of the mass weighted Hessian, T is the matrix
of eigenvectors of the mass weighted Hessian, M is the diagonal matrix of the
atomic masses, and Vx is the energy gradient of the excited state in Cartesian
coordinates. The excited state gradients can be determined directly from a vari-
ety of electronic structure theory approaches. Note that since the normal mode
coordinates are assumed to remain the same for the ground and excited state,
we neglected the possible mixing or rotation of normal modes coordinates upon

excitation, as known as the Duschinsky effect.

(3) The third method is to evaluate the excited state potential energy surface along
each normal mode and then determine the displacement based on the structure

of the surface.

Method (1) requires excited state geometry optimizations, which can be computation-
ally expensive, and also can lead to reordering of the relative energies of the excited
states involved in the transitions as one moves away from the FC region. Scanning
the excited state PES in method (3) is also computationally expensive. In contrast,
method (2) only requires the computation of gradients in the excited state. There-
fore, we chose method (2) over (1) and (3) for the simulation of the resonance Raman

spectra in this thesis.

1.2 Applications of Resonance Raman Spectroscopy

Resonance Raman spectroscopy has been applied in many different fields, because of

25,30-34

the structural and dynamical information that it can provide. In this section,

12



two classes of molecules for which resonance Raman spectroscopy has been exten-
sively applied are briefly discussed: (i) biological molecules, such as nucleic acids and
proteins, and (ii) inorganic compounds such as transition metal complexes. Through
the brief introduction to previous applications, the power and utility of resonance

Raman spectroscopy will be highlighted.

1.2.1 Biological molecules

Nucleic acids

Nucleic acids are of pivotal importance in chemical and biological processes, because
of their roles as carriers of genetic information. Due to the short excited state life
times of nucleic acids, resonance Raman spectroscopy which probes short-time dy-
namics plays a complementary role to other time-resolved spectroscopies, e.g. pump
probe spectroscopy and UV-vis absorption spectroscopy, in investigating the excited
state structure and dynamics of nucleic acids. The applications of resonance Ra-
man spectroscopy for nucleic acids range from small molecules, such as individual
nucleobases, nucleosides, and nucleotides (see Figures 1.2 and 1.3 for the relevant

structures) to biological macromolecule such as DNA and RNA.
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Figure 1.2: Chemical structures of the nucleobases.
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Figure 1.3: Relationship between the chemical structures of nucleobase, nucleoside
and nucleotide, using uracil as an example.

The experimental resonance Raman spectra of all the isolated nucleobases (uracil,

thymine, cytosine, adenine, and guanine) have been measured by various groups. 343

Peticolas and co-workers measured the experimental resonance Raman spectra of

136

uracil®® and thymine.?” These were compared to simulated spectra computed us-

ing transformation theory. The Loppnow group extracted the excited state normal

mode displacements from the experimentally measured spectra of uracil,*® thymine**

45

and cytosine® via fitting procedures based on the time-dependent formalism. The

38740 and Zheng*® also independently investigated the ef-

research groups of Loppnow
fects of site-specific deuteration and methylation on the resonance Raman spectra of
deuterated /methylated uracil and thymine. In the nucleosides and nucleotides, the
role of sugar and phosphate, and the corresponding vibrational coupling, have been
examined. The research groups of Peticolas,*”*® Nishimura*® and Spiro®*®! studied
the resonance Raman spectra and excitation profiles of adenine monophosphate, uri-

dine, cytidine and guanidine. More recently, Zhu et al.’? measured and compared

the resonance Raman spectra of thymine and thymidine, and found that the total
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reorganization energy of thymidine is smaller than thymine. They attributed this
difference to the shift of the excited state potential energy surface of thymidine.
Resonance Raman spectroscopy is also used to study the structures and dynamics
of DNAs and RNAs. Using both Raman and resonance Raman spectroscopy, Thomas
and co-workers determined the secondary structure polymorphism of Oxytricha telom-
eric DNA sequence, and probed the concentration dependence of the transition be-
tween different DNA conformations.?*® The interaction between DNA and small
molecules such as drugs, e.g., andriamycin,* distamycin® and hypercin,®® have also
been studied using resonance Raman spectroscopy. A more detailed review about the
applications of resonance Raman spectroscopy to nucleic acids can be found in Ref.

31.

Peptides and proteins

Resonance Raman spectroscopy can also be utilized to investigate the secondary struc-
ture and folding mechanism(s) of peptides and proteins.®? The mechanism of protein
folding is one of the most important biological problems. As a key step in protein
folding, the formation of protein secondary structures can not only provide insight
into the biological function, but also give guidance for the potential applications of
peptides and proteins in drug design or medical treatment. 5758

Several groups showed that resonance Raman spectra are sensitive to the confor-
mations of proteins and peptides, and there are close correlations between spectral
features and protein secondary structures.® % For example, Asher and co-workers
studied the structure of a-helical poly-L-glutamic (PGA) during the unfolding pro-
cess when temperature was increased. > They found that Amide I, II, ITI, and C bands
in PGA changed spectral features, i.e., peak positions, intensities and broadenings, as
the temperature increased.? ! They also studied the correlation between Amide I11
frequencies and the Ramachandran angle, and use this to determine a quantitative
relationship between the Ramachandran angle and temperature. 5%:62
The combination of resonance Raman spectroscopy with Temperature jump (T-

jump) kinetic studies can also serve as a powerful tool to examine the protein fold-
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ing /unfolding process.% % Lednev, Karnoup and Asher et al. combined resonance
Raman spectra and the T-jump kinetic study to examine the unfolding conforma-
tional change of the AP peptide. %5 Spiro and co-workers investigated the unfolding
of apomyoglobin using 197 nm and 229 nm excitations for resonance Raman spec-
troscopy combined with a kinetic T-jump study.®

Recently, resonance Raman spectroscopy has been used to explore and understand
the interactions between drugs and proteins. For example, Hashimoto et al.®” studied
the interactions between human serum albumin and drugs such as warfarin, ibuprofen

1.58 studied three drug-protein systems, dihydrofolate

and palmitate. Couling et a
reductase with its inhibitor trimethoprim, gyrase with novobiocin, and catechol O-
methyltransferase with dinitrocatechol.

Although resonance Raman spectroscopy has been shown to be a powerful tool
for the experimental study of the structure and dynamics of biological molecules,
most of the computational simulations have been restricted to small molecules such

27.36,37.50.69.70 pather than large molecule such as DNA,

as nucleobases and nucleosides,
RNA or proteins, due to the high computational cost for large biological molecules.
Recently, the research group of Mukamel developed a QM /MM approach that can be
utilized in simulating resonance Raman spectra of larger biological molecules. The
spectra of a series of peptides (and proteins), such as 3-sheet amyloid fibrils,™ trp-
cage peptide™ and photoactive yellow protein,”™ have been benchmarked using this

method. This provides a very promising method to simulate the resonance Raman

spectra of large (biological) molecules.

1.2.2 Transition metal complexes

For transition metal complexes, resonance Raman spectroscopy is commonly used
for investigating their charge transfer processes.?” These charge transfer transitions
include metal-to-ligand charge transfer transitions (MLCT), ligand-to-metal charge
transfer transitions (LMCT), ligand-to-ligand charge transfer transitions (LLCT), and
metal-to-metal (intervalence) charge transfer transitions (MMCT).

Here we select a few examples of studies on the charge transfer transitions in
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metal complexes to highlight the utility of resonance Raman spectroscopy for un-
derlining the photophysical behaviour in these systems. More detailed and thor-
ough reviews can found in Refs 25 and 23. Spiro et al.”™ studied the MLCT in a
bis(pyridine)iron(II) heme. Although this complex has weak features in its absorp-
tion spectrum, strong Raman transitions are observed on the pyridine ligand as well
as the iron-pyridine stretch, and a Fe(II)—pyridine charge-transfer band can be as-
signed. Loppnow and coworkers ™ measured the resonance Raman excitation profile of
the blue copper protein plastocyanin. The Cys—Cu LMCT process was investigated
using a fitting procedure that extracted the reorganization energy from the experi-
mental resonance Raman spectrum. Wootton and Zink™ reported the LLCT bands
in the resonance Raman spectra of two metal diimine dithiolate complexes. They
calculated the distortions in the ligands using experimental absorption spectroscopy
in conjunction with experimental resonance Raman spectroscopy, and assigned the
electronic transitions to LLCT. Lubitz et al.”” obtained the resonance Raman spec-
tra of (dppe)Ni(u—pdt)Fe(CO)5 and [(dppe)Ni(u—pdt)(u—H)Fe(CO)4][BF,], which
revealed the vibrational modes of the [NiFe] hydrogenase active site. Comparing with
the theoretical spectra, the dominant electronic transitions in the visible wavelengths
were identified as MMCT and MLCT.

The computational resonance Raman spectra for transition metal complexes have
been simulated using sum-over-state and time-dependent approaches. For example,

1.7 simulated the resonance Raman spectrum of [Ru(bpy);]*", see Figure

Barone et a
1.4 for the corresponding structre, via the sum-over-state formalism, and Jensen et

al.™ studied the spectrum of the same complex using the time-dependent approach.
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Figure 1.4: Chemical structure of [Ru(bpy)s/**.

1.3 Outline of the Following Chapters

Although resonance Raman spectroscopy has been used as a powerful tool in studying
the structure and dynamics of molecules, extracting the structural and dynamical in-
formation requires assistance from quantum chemical computations. The experimen-
tal resonance Raman spectra for uracil,>#® 5-halogenated uracils,®® and thymine**°2
have been measured by several groups, but there are only a few computational studies
on the resonance Raman spectra of these compounds. None of these studies have used
the time-dependent approach; one of them used the sum-over-state approach and the
others used transformation theory. In this thesis, we focus on the computational
study of the resonance Raman spectra of uracil and its derivatives using the time
dependent formalism, see Eq 1.29, based upon the quantum chemical computations.
The electronic structure calculations are carried out using density functional theory
(DFT) and time-dependent density functional theory (TD-DFT). DFT is used for
the ground state optimization and determination of the normal modes, see Eq 1.31.
TD-DFT is used for computing the Cartesian gradients in the excited state.
We developed an interface of the resonance Raman computer code (orca_asa'>'9)

in ORCA® to GAMESS-US#%% and Gaussian,® which can be used as a general tool

for computing resonance Raman spectra. Therefore, in principle any electronic struc-
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ture method that can determine a (numerical or analytical) Hessian can be used to
compute the ground state. Similarly, a variety of methods could be used to determine
the excited state gradients either analytically, or, in a much more computationally
expensive fashion, numerically. Where available, solvation effects can be accounted
for via polarizable continuum models (PCM).

In Chapter 2, we investigated the performance of different functionals for the sim-
ulation of the resonance Raman spectrum of uracil. Two different functionals, PBEO
and B3LYP, were used to optimize the ground-state equilibrium structure of uracil,
and determine the corresponding vibrational frequencies and normal modes. Five
functionals, including long range corrected functionals (CAMB3LYP and LC-BLYP),
hybrid functionals (B3LYP and PBEO), and Spin Flip-TD-DFT (SF-TD-DFT) with
BHHLYP, are used to compute the excited state Cartesian gradients. The resulting
resonance Raman spectra are compared with experiment, and the performance of
different functionals are evaluated.

In Chapter 3, we studied the 5-halogenated (F, Cl, and Br) uracils and their cor-
responding simulated resonance Raman spectra. The simulated spectra are compared
with the experimental measurements, and the differences between the resonance Ra-
man spectra of the three 5-halogenated uracils, caused by the effect of halogen substi-
tution, are examined in terms of ground state normal mode eigenvectors and excited
state Cartesian gradients.

In Chapter 4, we examined the effect of solvation on the resonance Raman spectra
of uracil and thymine. Three possible hydrogen bonding sites on uracil and thymine
are chosen and non-covalently bonded with one single explicit water. As the resonance
Raman spectrum is governed by the ground state normal modes and the excited state
Cartesian gradient, we examined how these two factors are changed in different mono
water configurations and investigated the correlation to the differences between the

spectra.
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Chapter 2

Simulation of the Resonance
Raman Spectrum For Uracil”

2.1 Introduction

The study of the interaction between ultraviolet (UV) light and the DNA and RNA
nucleobases is of great fundamental and applied interest.®® UV light is known to
cause photodamage of DNA, and eventually the loss of genomic information.8%9!
The UV-induced damage to DNA has been found to cause health problems known as
photocarcinogenesis. %

When UV radiation interacts with DNA and RNA bases, they are promoted to
electronically excited states. This is the starting point for a series of photochemical
and photophysical processes that may lead to further photodamage. Due to the fast
non-radiative transitions in the nucleobases that have been studied extensively, 88893
the nucleobases are well-protected from photodamage.

The initial excited state structural dynamics of the nucleobases are also of great
interest since they initiate the long-time photodynamics. Experimentally the ini-
tial dynamics for the nucleobases on the excited electronic state can be probed by
resonance Raman spectroscopy. 30:38:40:41,44,45.80.94°96 By tyning the incident excitation

wavelength to be resonant with the electronic transition of the nucleobase studied,

the intensity of the Raman spectrum is strongly enhanced. The frequencies and in-

*A version of this chapter was published in the Journal of Physical Chemistry A, 2014, 118, 9228.
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tensities of the peaks in the resonance Raman spectrum provide crucial information
on how the normal modes of the nucleobases are driven by the potential of the elec-
tronically excited state. However, extracting this information requires assistance from
quantum chemical computations. By performing accurate electronic structure com-
putations on the ground state potential energy surface (PES), using, e.g., Density
Functional Theory (DFT), and for the excited state, using methods such as Time De-
pendent Density Functional Theory (TD-DFT), one can determine all the required
data needed to compute the resonance Raman spectra of the nuleobases.!® Impor-
tantly, the comparison between the theoretical and experimental spectra provide a
more stringent test for the computational method used for the excited electronic state
since the agreement is most sensitive to the gradient of the PES rather than simply
the vertical excitation energy. In this paper, we focus on uracil in part due to the
challenges associated with the computational determination of the states involved in
its UV-vis absorption, e.g., reordering of the 7 — 7* and n — m*excited states due to

858897105 TD-DFT is used to simulate the resonance Raman spectrum of

solvation.
uracil, and to assist in the interpretation of its experimental spectrum.“® The chemical
structure and the atomic indices of uracil are shown in Figure 2.1. Historically there
are two methods used to simulate resonance Raman spectra in general, and, more
specifically, for uracil. One method is based on the Kramers-Kronig transformation
(KK) which gives the relationship between the polarizability and the optical absorp-
tion. 2”337 The other method is based on the Herzberg-Teller formalism (HT)!6:106
which relies on the short time dynamics of the molecule in the excited electronic state.
Both methods require knowledge of the normal mode displacements to the excited
state minimum from the ground state minimum. There are two (commonly used)
approaches that can determine the normal mode displacements. One is to locate the
excited state minimum in order to find out these displacements, and the other ap-
proach is to determine the displacements from the gradient of the excited state at the
vertical excitation point, when assuming such displacements are due to very “short

time” dynamics of nuclei on the excited state. Since the second approach asks for

only the excited-state gradient instead of requiring a geometry optimization in the
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excited state, it is computationally much more convenient than the first approach.
In this paper, we use the excited-state gradients to simulate the resonance Raman

spectrum of uracil.

T12
H7 Ce Hy4
~ 7~
\N1 Cs
C C
= 2\ PR
08/ N3 0y

Figure 2.1: Chemical structure of uracil with atomic numbering used.

Excited state electronic structure computations of uracil have been carried out
utilizing many different levels of theory including both TD-DFT071% and wave-
function based methods such as CIS,'% CASPT2,!10:111 EOM-CCSD,!''? CR-EOM-
CCSD(T),!13 CC2'* and MRCI.*® Most of these studies focused on the bench-

2 or investigating the lifetime and conical

marking of vertical excitation energies!!
intersections of the excited states.®>? Only a few simulated the resonance Raman
spectrum of uracil.?"3637 In 1995, Peticolas and Rush?®37 simulated the resonance
Raman spectrum using the KK transformation, with the ground and excited state
properties obtained at the HF /6-31G* and CIS/6-31G* levels of theory, respectively.
In 2004, Neugebauer and Hess?” compared the resonance Raman spectrum using

24-26 and

the KK transformation to the spectrum computed by the Savin’s equation,
they found the spectra by the two methods to be in qualitative agreement. Within
the Savin’s equation, they determined the excited state gradient at the CIS/6-31G*,
MR-MP2/6-31G*, B3LYP/TZVP, and BP86/TZVP levels of theory. They concluded
that the results based on CIS agreed with experiment best, and that TD-DFT cal-

culations are problematic because the peak intensity of the C-O stretching at 1754
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cm™! is much higher than that measured in the experimental spectrum. However,
CIS showed the bright transition for uracil is from Sy to S;, whereas this result is
inconsistent with most other (gas phase) computations that determine the bright
transition to be Sy — Sy 107:108,110,115,116

The solvent effects on uracil and its excited state properties have been studied

9799101 and explicit solvent treatments via uracil-water com-

using implicit models
plexes, 101,102,105, L7118 QN /MM, 19 the effective fragment potential water model,*%*
and also the fragment molecular orbital method.!%® However, the effect of solvent on
the resonance Raman spectrum of uracil has not yet been investigated.

In this paper, we simulated the resonance Raman spectrum of uracil in both the
gas phase and implicit water using different functionals via TD-DFT. In particular,
we have explored the differences arising in the simulated spectrum due to the use of

hybrid (PBEO and B3LYP) versus long range corrected (CAMB3LYP and LC-BLYP)
functionals as well as spin flip TD-DFT.

2.2 Computational Methods

The ground state equilibrium structure of uracil is obtained by geometrical optimiza-
tion using DFT. The computations were performed via two functionals, PBE( 19120
and B3LYP, 2112 with the aug-cc-pVTZ basis set. 412> The Hessians of these equi-
librium structures were then determined, and the vibrational frequencies and cor-
responding normal modes were extracted. The potential energy distribution (PED)
of the normal modes is analyzed based on PBEO/aug-cc-pVTZ and B3LYP /aug-cc-
pVTZ optimized structures, respectively.

TD-DFT computations were carried out using the optimized structures, and the
vertical excitation energies and corresponding oscillator strengths of the first three ex-
cited states were determined. These excited state calculations are performed using the
PBEO, B3LYP, CAMB3LYP !?6 and LC-BLYP !?7 functionals with the aug-cc-pVTZ
basis set. Recent research showed that using spin flip TD-DFT (SF-TD-DFT), 128129

the conical intersection of uracil can be computed with accuracy competitive with
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wavefunction based approaches.'® Thus, we also performed a computation at the
SF-TD-DFT/BHHLYP /aug-cc-pVTZ level of theory and compared results with TD-
DFT ones using the functionals listed previously. SF-TD-DFT/BHHLYP/aug-cc-
pVTZ is carried out using ROHF %135 and the Tamm Dancoff approximation. Since
the transition dipole moments are not available for SF-TD-DFT, the dipole moment
for computing its resonance Raman spectrum is taken from corresponding value de-
termined with the PBEO functional.

To determine the resonance Raman spectrum, the energy gradient for the excited
electronic state is required. The energy gradient in Cartesian coordinate space is
extracted from the TD-DFT calculations. ™16 The TD-DFT excited state gradients
are determined analytically while the SF-TD-DFT gradients must be computed by
numerical differentiation. The gradients are computed both in the gas phase and
implicit water using the conductor-like Polarizable Continuum Model (C-PCM). 137140
The gradients are then converted into dimensionless displacement via the following
equation:

Ag = ATTTMV2Vy. (2.1)

Here Aq is the matrix of ground state normal mode displacements, A is the diago-
nal matrix of eigenvalues of the mass weighted Hessian, T is the eigenvector of the
mass weighted Hessian, M is the diagonal matrix of the atomic masses, and Vx is
the energy gradient of the excited state in Cartesian coordinates from TD-DFT cal-
culations. The normal mode displacements were then converted into dimensionless

displacements using )
Ak 1

Av=(=5)" Agr, 2.2

b= ) B (2.2)

Using data from the electronic structure equations above, the independent har-

monic oscillator (IMDHO) model within the Herzberg-Teller short-time dynamics

0

formalism % is then applied and the resonance Raman spectrum is simulated under

the first order approximation. The incident photon energy is chosen as 266 nm and

1

the fwhm in the simulation is set as 30 cm™, which is selected to be equal to the

fwhm of the single peak in the experimental resonance Raman spectra.?
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The DFT and TD-DFT computations are carried out using electronic structure
calculation software packages ORCA (v.3.0)%" and GAMESS-US (1May2013),5%83
respectively. GAMESS-US was used for the TD-DFT computations due to the avail-
ability of analytic gradients for all functionals considered. The resonance Raman
spectra are determined via the program orca_asa.'®'% Further details of the theoreti-
cal background for the resonance Raman simulation can be found in Ref. 16 and 15.
The PED analysis used the VEDA4 software package'*!'*4? and the Hessians for the

PED analysis are computed using Gaussian (G09).%*

2.3 Results and Discussion

2.3.1 Equilibrium geometry, vibrational frequencies and nor-
mal modes

The equilibrium structure and vibrational frequencies of uracil have been the sub-
jects of numerous previous theoretical and experimental studies.*31437158 However,
to computationally determine the resonance Raman spectrum, the vibrational fre-
quencies, and, more importantly, the corresponding eigenvectors are required, see Eq.

2.1. Computational studies have investigated the roles of explicit and implicit solva-

149-151,155,158,159 152,153

tion, as well as anharmonicity on the vibrations. However, while

1.149 suggest that the inclusion

these treatments lead to frequency shifts, Peng et a
of explicit water does not significantly change the vibrational eigenvectors. Hence,
we consider gas-phase optimization and determination of Hessians with appropriate
scaling of the resulting vibrational frequencies. 90161

The equilibrium structure of uracil in the gas phase is determined at the PBE0O/aug-
cc-pVTZ and B3LYP /aug-cc-pVTZ levels of theory, and the corresponding geometries
are given in Table A1 along with the experimental structure; 43162163 the Cartesian
coordinates of the optimized structures are provided in Tables A2 and A3. Compar-
ing the bond lengths and bond angles, the computed geometries are, not surprisingly,
close to experimental data with minor discrepancies. The equilibrium structures are

very similar between these two functionals.
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The vibrational frequencies of uracil computed based on the geometries above
are given in Table 2.1. Note that only the modes required for understanding the
experimental resonance Raman spectrum are presented here; data for all modes is
available in Table A4 and Table A5 of the Appendix A. The computed frequencies are
~ 4% higher compared to the experimental frequencies. After applying appropriate

160,161 for each functional (the values of the scaling factors are given in

scaling factors
Table 2.1), the differences between the scaled frequencies and the experimental results
are reduced to ~ 2%. Since the vibrational frequencies in this study are all computed
using the harmonic approximation, this could be one of sources of inaccuracies when
comparing the theoretical and experimental resonance Raman spectra. A recent

152

study °* confirmed that although harmonic frequency calculations at the DFT level

give overall good accuracy for uracil, e.g. the B3LYP/aug-cc-pVTZ level of theory

1

gives 11 em™ in mean absolute error compared to experimental values, including

anharmonic corrections can further improve the accuracy.
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The normal modes analyzed with their potential energy distributions (PED) are
given in Table 2.1. Here we chose a set of internal coordinates (stretch, bend, and
out-of-plane) as basic components, which decompose each normal mode. This decom-
position allows us to compare normal modes determined at the PBEO/aug-cc-pVTZ
and B3LYP /aug-cc-pVTZ levels of theory. The results are discussed using the fol-
lowing five general classes: “same modes”, “same with extra modes”, “exchanged
modes”, “partially exchanged modes” and “redistributed modes”.

In the “same modes” class, the normal modes given by PBEO and B3LYP are
almost identical, and thus, they are described by the same set of internal coordinates
with only a 1-2% difference in contributions. Modes 7, 24, 25, and 26 fall into this
category.

The normal modes described as “same with extra modes” have almost the same
internal coordinate contributions but there are additional contributions for one of the
functionals. For example, mode 23 is similar for both PBEO and B3LYP but there is
an additional stretch(N;-Cy) component in the PBE0 ground state.

The “exchanged modes” in this study are modes 11 and 12. According to the
PED analysis based on the PBEO, mode 11 is out-of-plane(Og-N;-N3-Cs), and it
has a lower vibrational frequency compared to mode 12 (stretch(N3-Cy)+stretch(N;-
Cs)+bend(Cg-N1-Cy));however, these two modes are switched for B3LYP, which gives
a higher frequency to the out-of-plane(Og-N;-N3-Cy) mode as compared to the other
mode.

There are also cases where two modes are not totally exchanged but only have a
part of them switched, and this situation is referred as “partially exchanged modes”.
This type includes modes 18 and 19. Stretch(N;-Cg) is in mode 18 of PBEQ, but it is
assigned as mode 19 of B3LYP; meanwhile, stretch(N3-C,) changed from mode 19 of
PBEO to mode 18 of B3LYP. Besides these two switched components, there are also
some components in modes 18 and 19 that are unchanged, e.g., bend(H;-N;-Cg) and
bend(H;;-C5-Cy). Meanwhile, bend(H;5-Cg-Cs) has 30% contribution in mode 18 of
PBEO, but it is redistributed in B3LYP as 12% in mode 18 and 17% in mode 19.
Similarly, stretch(N3-Cy) is redistributed from 29% in mode 18 of B3LYP into 14%
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and 16% in mode 18 and 19 of PBEQ.

If the vibrational energy is redistributed among multiple normal modes for dif-
ferent functionals, it is termed as “redistributed modes”. The modes discussed here
are modes 20, 21, and 22. These three modes in PBEO contain one stretch compo-
nent (stretch(N;-Csy)) and five bend components (bend(H7-N;-Cg), bend(Ho-N3-Cy),
bend(Hi5-C4-Cs), bend(H;-C5-Cy), bend(Cy-N3-Cy)), and these components are re-
shuffled in modes 20, 21, 22 of B3LYP. There are also two extra components added
in mode 21 of B3LYP: stretch(N3-Cy) and bend(Og-Ca-N3).

Within the HT approach, the normal modes are assumed to remain the same
as in the ground electronic state at the moment the molecule is excited. Since the
PED analysis shows that both frequencies and normal modes determined by PBEOQ
and B3LYP are not identical, we expect the computationally determined resonance
Raman spectrum of uracil will exhibit features that depend on the choice of method
for determining the ground state optimized geometry and the corresponding normal

modes.

2.3.2 Vertical excitation energies and oscillator strengths

The vertical excitation energies and oscillator strengths of uracil have been investi-

143,164 197-105,107,108,110-112,114,116-118

gated extensively in previous experimenta and computationa
studies. The vertical excitation energy of uracil has been measured experimentally in
both the gas phase and aqueous phase using UV-vis absorption spectroscopy and de-
termined to be 5.1 eV in the gas phase'®* and 4.7 eV in the aqueous phase.*? Solvation

effects on the vertical excitation energies of uracil have been studied computation-

t97799,101 100-105,117,118

ally with both implici and explicit models in the solution phase.
Here, the excited state properties (energies and gradients) have been evaluated in the
gas phase and with implicit water solvation.

The vertical excitation energies from the PBEO and B3LYP optimized ground
state geometries to the lowest three singlet excited states of uracil are determined by
TD-DFT (PBEO, B3LYP, CAMB3LYP, and LC-BLYP) and SF-TD-DFT (BHHLYP)

in both the gas phase and implicit water using C-PCM, see Table 2.2 and Table 2.3,
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respectively. While the vertical excitation energies do not play a crucial role in the

determination of the resonance Raman spectrum, they are reported for completeness

as well as for discussion of the use of vertical excitation energies for assessing different

computational approaches for resonance Raman spectra.

Table 2.2: Vertical Excitation Energies (Ev/eV), Oscillator Strengths (f) and A
Parameters'%® for the Three Lowest Singlet Excited States of Uracil in the Gas Phase
for Different Functionals at the PBEO/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ Opti-
mized Geometries. All the TD-DFT Computations use the aug-cc-pVTZ Basis Set.

S S S3
n— 7t T =7t Rydberg
ground state | excited state | Ey f A° Exy f A Ev f A
PBEO 4.806 0.000 0.402 | 5.288 0.137 0.722 | 5.903 0.002 0.247
B3LYP 4.684 0.000 0.401 | 5.175 0.124 0.718 | 5.609 0.002 0.256
PBEO CAMB3LYP | 5.086 0.000 0.379 | 5.417 0.174 0.711 | 6.029 0.003 0.210
LC-BLYP | 5.069 0.000 0.377 | 5.390 0.175 0.696 | 6.097 0.004 0.184
BHHLYP* | 5.620 - - 5.836 - - 6.120 - -
PBEO 4.781 0.000 0.404 | 5.255 0.135 0.721 | 5.913 0.002 0.249
B3LYP 4.660 0.000 0.404 | 5.143 0.123 0.716 | 5.620 0.002 0.258
B3LYP CAMB3LYP | 5.057 0.000 0.386 | 5.387 0.173 0.710 | 6.039 0.003 0.211
LC-BLYP | 5.040 0.000 0.381 | 5.361 0.174 0.697 | 6.106 0.003 0.185
BHHLYP* | 5.609 - - 5.813 - - 6.133 - -
experiment - - - 5.1 - - - - -
* Determined by SF-TD-DFT using the Tamm Dancoff approximation.
" Ref.164
A= M ¢; and ¢, are occupied and virtual orbitals, respectively.

>

i,a Fia
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Table 2.3: Vertical Excitation Energies (Ev/eV ), Oscillator Strengths (f) and A
Parameters'% for the Three Lowest Singlet Excited States of Uracil in the Implicit
Water for Different Functionals at the PBEO/aug-cc-pVTZ and BSLYP/aug-cc-pVTZ
Optimized Geometries. All the TD-DFT Computations use the aug-cc-pV'TZ Basis
Set.

Sy Sa Sy
T =7t n— Rydberg
ground state | excited state | Ey f A By f A By f A
PBEO 5.127 0.312 0.727 | 5.180 0.000 0.406 | 6.238 0.010 0.264
B3LYP 5.031 0.295 0.726 | 5.072 0.000 0.405 | 5.948 0.009 0.272
PBEO CAMB3LYP | 5206 0.366 0.719 | 5.440 0.000 0.395 | 6.347 0.013 0.222
LC-BLYP | 5.165 0.368 0.700 | 5.393 0.000 0.387 | 6.386 0.014 0.196
BHHLYP* | 5.781 - - 6.010 - - 6.403 -
PBEO 5.099 0.309 0.726 | 5.154 0.000 0.408 | 6.246 0.006 0.343
B3LYP 5.002 0.291 0.725 | 5.047 0.000 0.408 | 5.961 0.008 0.275
B3LYP CAMB3LYP | 5.180 0.363 0.719 | 5.410 0.000 0.397 | 6.361 0.012 0.224
LC-BLYP | 5.138 0.365 0.700 | 5.363 0.000 0.390 | 6.400 0.013 0.198
BHHLYP® | 5.748 - - 5.981 - - 6.424 - -

experiment ‘ 4.7 - - - - - - - -

# Determined by SF-TD-DFT using the Tamm Dancoff approximation.
b Ref 43, according to the UV-vis absorption spectrum.

s . ¢; and ¢, are occupied and virtual orbitals, respectively.

In the gas phase, the n — 7* state is at lower energy than the m — 7* state,
independent of the functional chosen, see Table 2.2. However, in the implicit water,
the n — 7* state is strongly perturbed and blue shifted by 0.3 - 0.4 eV, whereas the
m — 7% state is mildly red shifted by 0.1 - 0.2 eV. The solvation effect leads to a
change in the energetic order of the excited states and the sensitivity of the relative
energies of n — 7* and m — 7* for uracil has been reported previously for implicit
and explicit water?” 1%

Since the trends with respect to the choice of functional for the vertical excitation
energies are similar in the gas phase and C-PCM in Tables 2.2 and 2.3, the following
discussion pertains to both phases. For the two different ground state geometries,
the vertical excitation energy for a given functional does not differ by more than 0.03
eV, e.g., for the Sy state, the excitation energies for CAMB3LYP are 5.440 eV and
5.410 eV for the PBEO and B3LYP ground state geometries, respectively, see Table

2.3. However, the difference in excitation energies between functionals for a given
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ground state geometry can be more than 0.4 eV, e.g, for the PBEO ground state
geometry, the excitation energy to the Sy state is 5.072 eV for B3LYP and 5.440
eV for CAMB3LYP; the difference between standard TDDFT and SF-TD-DFT can
be even larger. For the functionals considered, the vertical excitation energies for
PBEO and B3LYP (non long range corrected functionals, NLR) are the lowest, with
CAMB3LYP and LC-BLYP (long range corrected functionals, LR) the energies are ~
0.1-0.3 eV higher, and SF-TD-DFT using BHHLYP gives the highest energies. The
TD-DFT results give good agreement with the experimental measurement, although
the hybrid functionals (B3LYP and PBEQ) gives slightly superior performance to the
long range corrected functionals; the SF-TD-DFT with BHHLYP result is too high
by ~ 0.7 - 1.0 eV in agreement with the value reported by Zhang and Herbert. 18

We also computed the oscillator strength of uracil for transitions to the first three
excited states. In the gas phase, the transitions of Sy — S; and Sy — S3 have zero
oscillator strength, and for the S, — Sy transition the oscillator strength is above
0.1 for all functionals. These results clearly showed that S5 is a bright state and the
other two states are dark in the gas phase. In implicit solution, due to the change of
the state order, S; becomes a bright state, where its oscillator strengths is ~ 0.3 for
all functionals, but S, and S3 are dark states.

The A parameter!%® for each excited state is given in Table 2.2 and 2.3. The A
parameter of S5 is much lower than 0.4 which confirms S3 is a Rydberg state in both

the gas phase and implicit water. This agrees with the observation in Ref. 107.

2.3.3 Resonance Raman spectra

The gradients of the bright electronically excited state are computed at the ground
state equilibrium geometry, and these gradients are then converted into the dimen-
sionless displacements, see Eq. 2.1. The computations of gradients are carried out
in both the gas phase and implicit water using C-PCM. The resulting dimension-
less displacements of the vibrational modes of interest (JA| > 0.5 and also including
modes 21, 22, and 23) are given in Tables 2.4 and 2.5 (gas phase), and Tables 2.6

and 2.7 (implicit solution). The data for all modes within the frequency range of the
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experimental spectrum can be found in Tables A4, A5, A6, and A7 of the Appendix
A. The resonance Raman spectrum of uracil is simulated using the dimensionless dis-
placements above. The spectra using the PBEO and B3LYP optimized ground state
are shown in Figures 2.2 and 2.3, respectively, for the gas phase, and in Figures 2.4
and 2.5 for implicit water. As can be seen, the resonance Raman spectra, for a given
optimized ground state, do not change significantly upon including solvent effects.
Thus, in general, the discussions following refer to spectra in both the gas phase and
implicit water.

Table 2.4: Vibrational Frequencies (w/cm™) Lower Than 1000 em™ and Dimen-

sionless Displacements (|A|)of Uracil in the Gas Phase for the Sy Excited State. All
Computations use the aug-cc-pV'TZ Basis Set.

modes ‘ 7 11 12
w(PBEO) 563 781 782
w(scaled by 0.9776)°| 551 764 765
|A|(PBE0) 0.935 0.000 0.811

|A|(B3LYP) 0.799 0.000 1.102
|A[(CAMB3LYP) |0.960 0.000 0.784
|A[(LC-BLYP) | 0.967 0.000 0.766
|A|(BHHLYP)* | 1.345 0.000 0.371

w(B3LYP) 560 767 771
w(scaled by 0.9891)¢| 553 761 762
|A|(PBEO) 1.013  0.505 0.040

|A|(B3LYP) 0.865 0.809 0.066
|A[(CAMB3LYP) | 1.039 0.481 0.037
|A|(LC-BLYP) | 1.046 0.462 0.036
|A|(BHHLYP)* | 1.438 0.056 0.001

w(experiment, IR)?| 551 757 759

—_——
w(experiment, rR)¢ | 579 789
|A](experiment)® | 0.46 0.48

2 Determined by SF-TD-DFT using the
Tamm Dancoff approximation and nu-
merical gradients.

" Ref. 160

¢ Ref. 161

4 Ref. 156, Ref. 157

¢ Ref. 43
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Table 2.5: Vibrational Frequencies (w/cm™') Higher Than 1000 ¢cm™ and Dimen-
sionless Displacements (|A|)of Uracil in the Gas Phase for the Sy Excited State. All
Computations use the aug-cc-pVTZ Basis Set.

modes BRE 19 20 21 2 23 24 25 2
w(PBED) 1211 1243 1391 1420 1432 1518 1696 1798 1831
w(scaled by 0.9568)" 1159 1189 1331 1358 1370 1452 1622 1721 1752
[A](PBEO) 0335 0.707 0.548 0.104 0248 0401 0.767 0.494 0.527
|A|(B3LYP) 0372 0.684 0.523 0.083 0290 0441 0.687 0.506 0.627

|A[(CAMB3LYP) | 0278 0.788 0.623 0.137 0.200 0.353 0.898 0.546 0.329
|A|(LC-BLYP) | 0.275 0.833 0.656 0.146 0.189 0.205 0.910 0.586 0.323
|A|(BHHLYP)* | 0314 1.116 0.793 0.168 0.108 0.362 1.076 0.560 0.151

w(B3LYP) 1191 1227 1381 1404 1421 1497 1670 1759 1791
w(scaled by 0.9676)¢| 1153 1187 1336 1359 1375 1448 1616 1702 1733
|A|(PBEO) 0.735 0.539 0.341 0.318 0.330 0.322 0.771 0.467 0.498
|A|(B3LYP) 0.759 0.499 0.295 0.354 0.340 0.358 0.689 0.479 0.602

|[A|(CAMB3LYP) | 0.728 0.647 0.434 0.284 0.328 0.280 0.909 0.525 0.294
|A|(LC-BLYP) 0.7490 0.691 0.471 0.275 0.329 0.223 0.921 0.567 0.287
|A|(BHHLYP)* 0.944 0918 0.599 0.257 0.311 0.300 1.086 0.543 0.115

w(experiment, IR )3[ 1185 1217 1359 1389 1400 1472 1643 1706 1764

w(experiment, rR)° 1235 1388 1623 1664
|A|(experiment)® 0.74 0.45 0.30  0.60

# Determined by SF-TD-DFT using the Tamm Dancoff approximation and numerical gra-
dients.

b Ref. 160

¢ Ref. 161

4 Ref. 156, Ref. 157

¢ Ref. 43

35



Table 2.6: Vibrational Frequencies (w/cm™') Lower Than 1000 cm™ and Dimen-
sionless Displacements (|A|)of Uracil in the Implicit Water for the Sy Excited State.
All Computations use the aug-cc-pV'TZ Basis Set.

modes 7 11 12

w(PBEO) 563 781 782

w(scaled by 0.9776)*| 551 764 765
|A|(PBEO) 0.914 0.018 0.764

|A|(B3LYP) 0.784 0.021 1.060
|A|[(CAMB3LYP) | 0.920 0.020 0.707
|A|(LC-BLYP) | 0.924 0.020 0.674
|A|(BHHLYP)* | 1.327 0.022 0.383

w(B3LYP) 560 767 771
w(scaled by 0.9891)°| 553 761 762
[A[(PBEO) 1.018 0450 0.050

|A|(B3LYP) 0.877 0.759 0.079
|A[(CAMB3LYP) | 1.023 0.392 0.050
|A[(LC-BLYP) | 1.028 0.357 0.046
|A|(BHHLYP)* | 1.445 0.066 0.012

w(experiment, IR)® [ 551 757 759

—_——
w(experiment, rR)® | 579 789
|A](experiment)® | 0.46 0.48

# Determined by SF-TD-DFT using the
Tamm Dancoff approximation and nu-
merical gradients.

b Ref. 160

¢ Ref. 161

4 Ref. 156, Ref. 157

¢ Ref. 43
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Table 2.7: Vibrational Frequencies (w/cm™') Higher Than 1000 ¢cm™ and Dimen-
sionless Displacements (|A|)of Uracil in the Implicit Water for the Sy Excited State.
All Computations use the aug-cc-pV'TZ Basis Set.

modes ‘ 18 19 20 21 22 23 24 25 26
w(PBEO) 1211 1243 1391 1420 1432 1518 1696 1798 1831
w(scaled by 0.9568)°| 1159 1189 1331 1358 1370 1452 1622 1721 1752
|A|(PBEO) 0.174 0.738 0.579 0.091 0.193 0.354 0.869 0.785 0.516

|A|(B3LYP) 0.197 0707 0553 0.074 0224 0380 0.799 0.807 0.593
|A[(CAMB3LYP) | 0.155 0.845 0.656 0.108 0.174 0.338 0.969 0.836 0.413
|A|(LC-BLYP) | 0.158 0.902 0.693 0.116 0.170 0.290 0.977 0.884 0.428
|A|(BHHLYP)* | 0.196 1.046 0.739 0.104 0.050 0.341 0.975 0.801 0.264

w(B3LYP) 1191 1227 1381 1404 1421 1497 1670 1759 1791
w(scaled by 0.9676)¢| 11563 1187 1336 1359 1375 1448 1616 1702 1733
|A|(PBEO) 0.625 0.639 0.387 0.306 0.264 0.243 0.868 0.777 0.487

|A|(B3LYP) 0.630 0.599 0.347 0.330 0.269 0.265 0.795 0.799 0.567
|A](CAMB3LYP) | 0.673 0.749 0.459 0.307 0.269 0.224 0.973 0.833 0.381
|A](LC-BLYP) 0.707 0.801 0.495 0.307 0.276 0.175 0.980 0.884 0.397
|A|(BHHLYP)* | 0.809 0.893 0.562 0.249 0.196 0.247 0.980 0.794 0.229

w(experiment, IR )3 1185 1217 1359 1389 1400 1472 1643 1706 1764

w(experiment, rR)° 1235 1388 1623 1664
|A|(experiment)® 0.74 0.45 0.30  0.60

# Determined by SF-TD-DFT using the Tamm Dancoff approximation and numerical
gradients.

b Ref. 160

¢ Ref. 161

4 Ref. 156, Ref. 157

¢ Ref. 43
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Figure 2.2: Resonance Raman spectra of uracil in the gas phase. Frequency
(w/em™) for PBEO ground state is scaled by 0.9776 (frequencies lower than 1000
em?) and 0.9568 (frequencies higher than 1000 cm™). fwhm used in the simulation
is 30 em™. The experimental spectrum is measured in water and taken from Ref 43.
The asterisk in the experimental spectrum*® indicates the internal standard peak by
ca. 0.4 M sulfate.
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(w/em™') for BSLYP ground state is scaled by 0.9891(frequencies lower than 1000
em?) and 0.9676 (frequencies higher than 1000 cm™). fwhm used in the simulation
. The experimental spectrum is measured in water and taken from Ref /3.
The asterisk in the experimental spectrum*® indicates the internal standard peak by
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Figure 2.4: Resonance Raman spectra of uracil in implicit water. Frequency
(w/em™t) for PBEQ ground state is scaled by 0.9776 (frequencies lower than 1000
em?) and 0.9568 (frequencies higher than 1000 cm™). fwhm used in the simulation
is 30 em™. The experimental spectrum is measured in water and taken from Ref 43.
The asterisk in the experimental spectrum*® indicates the internal standard peak by
ca. 0.4 M sulfate.
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Figure 2.5: Resonance Raman spectra of wracil in wmplicit water. Frequency
(w/ecm™) for BSLYP ground state is scaled by 0.9891(frequencies lower than 1000
em?) and 0.9676 (frequencies higher than 1000 ¢cm™ ). fwhm used in the simulation
is 30 em™. The experimental spectrum is measured in water and taken from Ref 43.
The asterisk in the experimental spectrum*® indicates the internal standard peak by

ca. 0.4 M sulfate.

The peaks belonging to “exchange modes”, “partial exchange modes” and “redis-
tributed modes” in the PED analysis exhibit large changes for the different ground
state functionals, see Table 2.4 - 2.7. We discuss each of these classes of modes in
turn.

According to the PED, the vibrational assignments for modes 11 and 12 at ~
760 cm~! are exchanged from PBEO to B3LYP, and therefore their dimensionless

displacements are also exchanged. This is reflected in the corresponding peak inten-
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sities; mode 11 and mode 12 intensities are zero (observable) and observable (close
to zero) for PBEO (B3LYP) ground state, respectively; compare Figures 2.2 and 2.3
for a given choice of functional for the excited state. Different functionals for the
excited state have little impact on the peak patterns of modes 11 and 12. The only
exception is for SF-TD-DFT with BHHLYP, where both modes have zero intensity,
which does not agree with the experimental spectrum. The computationally deter-
mined A values are in reasonable agreement with the value (A = 0.48) obtained by
fitting the experimental spectrum.*® However, the present PED analysis provides a
slightly different assignment for this strongly mixed mode.

For modes 18 and 19, i.e. “partially exchanged modes”, at ~ 1150 -1190 cm™!,
the ratio between the corresponding peak intensities, /(mode 18)/I(mode 19), is im-
pacted by the choice of the ground state optimized geometry and its corresponding
Hessian. For the PBEO ground state, this ratio I(mode 18)/I(mode 19) is much less
than 1 for all functionals for the excited state, see Figures 2.2 and 2.4. For the
B3LYP optimized ground state, the ratio depends on the method used for the excited
state, i.e., for NLR functionals /(mode 18)/I(mode 19) ~ 2 while for LR it is ~ 1.7.
B3LYP/BHHLYP further increases the height of mode 19, and thus the ratio is re-
duced to ~ 1. Because of the solvation effect, this ratio in Figure 2.5 changes to ~
0.9 - 1 for all functionals. Compared to the experimental spectrum for modes 18 and
19, using PBEO to compute ground state normal modes gives better agreement than
using B3LYP. The computationally determined A values are in reasonable agreement
with those from the previous fit** and the PED analysis, see Table 2.1, confirms the
assignment as ring stretch coupled to hydrogen bend.

For the “redistributed modes” 20-22 between 1300-1400 cm ™, the change in the
peak patterns is more complicated. For the PBEO optimized ground state, the major
peak is from mode 20, see Figures 2.2 and 2.4, and the agreement between the com-
putationally determined A values and the experimental fit is reasonable, see Tables
2.5 and 2.7. For the B3LYP ground state, the three peaks have almost equal con-
tributions using TD-PBEO and TD-B3LYP for the excited state. For CAMB3LYP,
LC-BLYP and SF-TD-DFT with BHHLYP, the peak patterns are similar to Figure
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2.2, but the intensity of mode 20 is reduced. For the PBEO optimized ground state,
the present PED analysis for mode 20 suggests that this mode is primarily Ho-N3-Cy
bend, which is in moderate agreement with the previous assignment.** Moreover, the
present results suggest that the shoulder on this peak observed experimentally is due
to the minor contributions of mode 21 and mode 22.

Modes 7, 23, 24, 25 and 26 belong to “same modes” and “same and extra modes”
groups, and, thus, their peak intensities do not depend significantly on the choices of
functional for the ground state optimization.

The peak corresponding to mode 26 at 1750 cm™?, i.e., the peak for stretch(Og-Cs)
at the highest energy, exhibits a strong dependence on the choice of functional for de-
termining the excited state. For computations using TD-PBE0O and TD-B3LYP (NLR
functional), this peak is anomalously high compared to the experimental spectrum.
This observation agrees with Ref. 27, which found that the intensity of the Og-Cy
stretching mode is overestimated by B3LYP/TZVP. However, by using CAMB3LYP
and LC-BLYP (LR functional), this overestimated peak is reduced to less than one
fourth of its previous intensity. It is further reduced to almost zero intensity when
SF-TD-DFT with BHHLYP is used. It is possible that this mode corresponds to the
small unassigned peak at ~1800 cm ™" in the experimental spectrum. Similar to mode
26, the peak intensity of mode 23 at ~ 1450 cm ™! determined with NLR functionals
is higher than in the experimental spectrum, and this peak is also reduced by using
LR and BHHLYP. No distinct peak is observed in the experimental spectrum at 1450
cm~!; however, there is a long tail, to high energy, for the peak at 1370 cm™! that
could encompass a low intensity peak. The gradient change due to the choice of func-
tional for modes 23 and 26 does not depend upon whether the computation is in the
gas phase or in implicit water using C-PCM.

To understand the change in peak intensity with the choice of functional, we in-
vestigated the gradient of the Sy excited state energy surface along mode 26. Since
the ground states optimized by PBEO and B3LYP are very similar along mode 26,
the discussions are based around the PBEO/aug-cc-pVTZ equilibrium structure, and

the relative energies are computed in the gas phase. The relative energies of the
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Sy excited state are defined as AEy(Sy) = Ev(S2, 1) — Ey(Ss,r.), where Ey(Ss,r)
is the vertical excitation energy of the second excited state along the bond Og-Cs,
and Evy(Ss, 1) is the vertical excitation energy of this state at the equilibrium bond
length, i.e., r. = 1.208501A. The bond length of Os-Cy is varied from 1.158501 A
to 1.298501 A, where atom Oy is the translating atom and C, is the fixed atom.
The relative energies of AFEy/(Sy) using five different functionals for determining the
excited states are plotted in Figure A1l. All computations determine negative gradi-
ents at the equilibrium bond length of Og-Cy (1, = 1.208501A), but there are some
noticeable differences between the gradients computed by NLR functionals (PBEO
and B3LYP) and by the other three functionals (CAMB3LYP, LC-BLYP and SF-
TD-DFT with BHHLYP). The trend of magnitudes of the gradients of AEy(Ss) is
B3LYP>PBEO>CAMB3LYP>LC-BLYP>BHHLYP, which agrees with the trend of
dimensionless displacements of mode 26, see Table 2.5.

The peak intensities of modes 7, 24 and 25 exhibit little difference on the choice of
the functional used for computing the excited state. In both the gas phase and implicit
water, the peak intensity of mode 24 is overestimated compared to the experimental
spectrum. Mode 25 demonstrates significant changes from the gas phase to implicit
water, where the peak intensity is ~ 2 times higher in implicit water than in the gas
phase. Mode 25 is also slightly too intense when compared with the experimental
spectrum.

Modes 24-26 between 1600-1800 cm ™! represent the major difference between the
computed and experimental spectra, where the relative peak positions of these three
modes in the experiment are closer together than for any of the computations and
their relative intensity compared to mode 19 (at 1200 cm—1) is too large. These
differences are (most likely) due to the impact of explicit hydrogen bonding between
water and the carbonyl groups corresponding to modes 25 and 26. For example, the
frequencies of both carbonyl modes (modes 25 and 26) are red shifted when more
explicit waters are included in a simulation, while the frequency of mode 24 is only
modestly affected. ™ The relative peak intensities between the two carbonyl modes is

well captured by using the long range corrected functionals rather than the standard
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hybrid functionals, but the relative intensity between these modes and mode 19 is
not captured within the current model.

Overall the simulated resonance Raman spectrum shows good agreement with the
experimental measurement if the PBEO/aug-cc-pV'TZ optimized ground state is used
along with CAMB3LYP or LC-BLYP for the excited state gradients. The use of
implicit solvation improves the agreement with the experimental spectrum, especially
with regard to the relative intensities of the peaks with frequencies greater than
1600 cm~t. The dimensionless displacements for most of the modes and, hence, the
resonance Raman spectra computed using different functionals exhibit only subtle
differences for a given ground state, see for example Table 2.6, Table 2.7, and Figure
2.4. Therefore, for uracil, all of the functionals considered would be suitable for
interpreting the general features of the experimentally measured Resonance Raman
spectrum and the excited state dynamics in the short time limit; although the detailed
features are better reproduced by CAMB3LYP, LC-BLYP and SF-TD-DFT with
BHHLYP. However, for longer time dynamics probed via alternate spectroscopies
such as pump-probe, these subtle differences would be manifest into more significant
discrepancies between functionals.

One question that may arise is the source of the differences between the vari-
ous spectra shown in Figures 2.2 and 2.3, respectively, for the gas phase, or corre-
spondingly for Figures 2.4 and 2.5 with implicit solvation. According to Eq.2.1, the
initial short time dynamics of the molecule in the excited state, indicated by the
the dimensionless displacements Ay, is governed by both the excited state Cartesian
gradients Vx and the normal mode vectors T' at the ground state equilibrium geom-
etry. In Figure 2.6, both the magnitude and the direction of the Cartesian gradient
for each atom of uracil in the S2 state (in the gas-phase) are provided for (i) differ-
ent ground state geometries (PBEQO vs. B3LYP) with the same method and basis
set (CAM-B3LYP/aug-cc-pVTZ) for the excited state gradients and (ii) the same
ground state geometry (PBEO) with different functionals (CAMB3LYP vs. B3LYP)
used to determine the excited state gradient. It is clear that, using the same func-

tional CAMB3LYP, the Cartesian gradients are almost identical between the PBEOQ
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and B3LYP optimized geometries (except for the minor differences on atoms Og and
O19). Therefore, for the excited state determined using a given functional, the di-
mensionless displacement is most strongly impacted by the projection onto different
normal modes rather than a significant change in the excited state gradients due to
a (small) change in geometry. On the other hand, comparing the Cartesian gradients
determined using CAMB3LYP and B3LYP at the same (PBEQ) equilibrium geom-
etry, a discernible difference is observed for atoms Ny, Cy, Cg, and Og. Therefore,
the dimensional displacement is very sensitive to the choice of the functional used to

determine the excited state.

46



Figure 2.6: Vectors illustrating the Cartesian gradients for each atom of uracil in
the gas phase for the Sy excited state. The gradient is computed at the BSLYP/aug-
cc-PVTZ ground state geometry with the excited state at (a) CAMB3LYP/aug-cc-
pVTZ and at the PBEO/aug-cc-pVTZ ground state geometry with the excited state
determined using (b) CAMBSLYP /aug-cc-pVTZ and (¢) BSLYP/aug-cc-pVTZ levels

of theory.

2.4 Conclusions

In this study, we simulated the resonance Raman spectrum of uracil using TD-DFT,
and investigated the performance of different functionals. Two different functionals,
PBEO and B3LYP were used, to optimize the ground state equilibrium structure and
determine the vibrational frequencies and normal modes of uracil. The PED analysis

showed different normal mode characters for ground states optimized by PBEO and
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B3LYP. Therefore, the description of the ground state can have a notable impact on
the computationally determined resonance Raman spectrum of uracil.

The excited state computations are carried out in both the gas phase and implicit
water using C-PCM. We determined the vertical excitation energies of the lowest
three singlet excited states and found that the hybrid functionals gave the best good
agreement with the experimental value, the long range corrected functionals modestly
overestimated the energies while SF-TD-DFT with BHHLYP overestimates more sig-
nificantly, see Tables 2.2 and 2.3. The comparison of the results from the gas phase
and implicit water confirms the n — 7* state is blue shifted and the 7 — 7* state is
slightly red shifted in water.

We also computed the dimensionless displacements of the bright excited state of
uracil and see that resulting resonance Raman spectra using CAMB3LYP, LC-BLYP
and SF-TD-DFT with BHHLYP have better agreement with experiment than the
spectra determined using hybrid functionals (B3LYP and PBEO). The agreement is
very good within the IMDHO model even without invoking other effects, e.g. explicit
hydrogen bonding, Duschinsky rotation. Interestingly, the resulting resonance Raman
spectra in the two phases do not show significant differences except the peak of mode
25.

In this work, it is evident that a functional that provides accurate vertical exci-
tation energies does not necessarily give an equally good performance for the excited
state energy gradients. The accuracy of the gradient is readily assessed through com-
parison of the simulated resonance Raman spectrum with the experimental one. As
such, this test of different functionals for short time dynamics provides a useful initial

screening of methods for long time excited state dynamics.
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Chapter 3

Simulation of the Resonance
Raman Spectra For 5-Halogenated
(F, Cl, and Br) Uracils

3.1 Introduction

For the purposes of both fundamental understanding and practical applications, the
interaction between 5-halogenated uracils and ultra-violet (UV) light has received
much attention from chemists and biologists in the past decades. 3891667173 By form-
ing a series of DNA analogues which replace thymine, 5-halogenated uracils are able
to provide enhanced photosensitivity to UV radiation while retaining the identical
in vivo activity.1% 5-fluorouracil has also been introduced as a radiosensitizer to
improve the treatment of cancers.'™!7 Moreover, the photoreaction of DNA con-
taining 5-bromouracil is used to investigate local DNA conformations. "™ 72 Hence,
the 5-halogenated uracils find a diversity of uses.

The initial excited state structural dynamics of the 5-halogenated uracils are of
pivotal importance, as they are the starting point in a series of photochemical and
photophysical processes, after the molecule interacts with the UV light. Experimen-
tally, the initial structural dynamics on the excited state of uracil, its isotopomers
and derivatives, including 5-halogenated uracils, can be probed by resonance Ra-
man spectroscopy. 30:3%:38-40:44,46.52.80,173 1py 9006, Billinghurst et al. measured the reso-

nance Raman spectra of 5-fluorouracil, 5-chlorouracil, and 5-bromouracil in water.%°
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In 2009, the resonance spectrum of 5-chlorouracil in methanol was measured by Weng
et al.1™ Since in resonance Raman spectroscopy, the incident photon energy is very
close to the vertical excitation energy of molecule, the intensity of the spectrum is
significantly enhanced. Assisted by quantum chemistry computations, one is able to
simulate the resonance Raman spectrum and extract information regarding the initial
excited state structural dynamics, i.e. the normal mode displacement of the molecule
on the excited-state potential energy surface. Since, to the best of our knowledge,
no experimental resonance Raman spectrum of 5-iodouracil has been reported, the
computational study of the resonance Raman spectra in this paper only focuses on
5-fluoro-, 5-chloro, and 5-bromouracil.

Although computational studies on the 5-halogenated uracils examined many of
their excited state properties, e.g. vertical excitation energies, deactivation mecha-
nism, population transfer, and excited state life-time, 97176183 there is only a single
paper reporting the computational determination of the resonance Raman spectra
of 5-fluorouracil and 5-chlorouracil. In 2006, Ten, Burova and Baranov computed
the relative intensities of the lines in the resonance Raman spectra of 5-fluorouracil
and 5-chlorouracil via the quantum mechanical sum-over-state approach. % They did
not aim to match the relative intensities of the computed lines to the experiment,
but rather focused on showing qualitatively the presence of the most intense bands.
However, to the best our knowledge, the ab initio simulation of the resonance Raman
spectra of the 5-halogenated uracils have neither been compared to the experimental
spectra in detail nor interpreted in terms of the roles of the ground state normal
modes and the excited state gradients.

The resonance Raman spectra in this study are determined using the Herzberg-
Teller short-time dynamics formalism (HT)6:1% with the independent harmonic oscil-
lator (IMDHO) model. In this approach, the vibrational wavefunction on the excited
electronic state behaves like a wavepacket, and the overlap between the initial and
final vibrational wavefunctions can be computed via the normal mode displacements
of the molecule on the potential energy surface of the excited electronic state. The

displacements can be determined by projecting the gradient of the excited state at
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the vertical excitation point onto the normal modes of molecule at ground state
equilibrium geometry. The spectrum is then simulated using the normal mode dis-
placements and the transition dipole moment (within the Condon approximation)
from the ground to excited electronic state.

In this paper, we simulated the resonance Raman spectra of three 5-halogenated
uracils (5-fluorouracil, 5-chlorouracil and 5-bromouracil) in implicit water, and stud-
ied the reasons for their spectral differences by examining both their ground and
excited state properties. The chemical structure and the atomic indices of the 5-
halogenated uracils are given in Figure 3.1. The ground state properties of 5-halogenated
uracils are studied using density functional theory (DFT), and the excited gradient is
computed using time dependent density functional theory (TD-DFT). Through this

comparison, the effect of halogen substitution in electronic structure can be clarified.

T12
H- Ce X114
~ ~
\N1 N
C C
PN 4
08/ T3 O10
Hog
X=F, CI, Br

Figure 3.1: Chemical structure of the 5-halogenated uracils with atomic numbering
used in this work.
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3.2 Computational Methods

The equilibrium structures of the three 5-halogenated uracils, i.e., 5-fluorouracil,
5-chlorouracil and 5-bromouracil, are determined at the PBEO/aug-cc-pVTZ level

19,120,125 iy implicit water via the conductor-like Polarizable Continuum

of theory
Model (C-PCM).!3%138 Cartesian coordinates of all optimized structures are avail-
able in Table B1 in Appendix B. The ground state vibrational frequencies and the
corresponding normal modes are determined by diagonalizing the Hessian matrix
computed at the optimized geometry. The TD-DFT computations are carried out at
the CAMB3LYP /aug-cc-pVTZ level of theory !0 using these equilibrium structures.
The vertical excitation energies and the corresponding oscillator strengths of the first
three singlet excited states were determined. The computations were carried out us-
ing the same functionals and basis set for the ground and excited states, as well as
choice of PCM model, as in our recent study of uracil. %

To obtain the resonance Raman spectrum, the energy gradient of the S; ex-
cited state in Cartesian coordinates space was also computed;'® 187 for all the 5-
halogenated uracils, S is the lowest energy bright state at the CAMB3LYP /aug-cc-
pVTZ level of theory in C-PCM (H20). The Cartesian gradient is converted into

normal mode displacements via

Aq=AT'TTM 2Vy. (3.1)
In Eq (3.1), Aq is the matrix of ground state normal mode displacements, A is the
diagonal matrix of eigenvalues of the mass weighted Hessian, T is the eigenvector of
the mass weighted Hessian, M is the diagonal matrix of the atomic masses, and Vx is
the energy gradient of the excited state in Cartesian coordinates. The dimensionless

displacements required to compute the resonance Raman are determined as
A 1
A= (=

)" Mgk, (3.2)
where m, is the mass of the electron.

e

The resonance Raman spectrum is determined via the Herzberg-Teller short-

time dynamics formalism'% utilizing the independent harmonic oscillator (IMDHO)
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model. The simulation is performed under the first order approximation, and the

fwhm of the spectrum is chosen as 30 cm™!

, in order to match the width of a single
peak in the experimental resonance Raman spectra.®® The incident photon energy is
chosen as 275 nm, which is equal to the energy of the incident light in the experi-
ment. %0

The DFT and TD-DFT computations are performed using Gaussian (G09),%* and
the resonance Raman spectra are simulated via the program orca_asa.®¢ The poten-
tial energy distribution (PED) is analyzed using the VEDA4 software package, 14142
and the A parameters!'%® are determined using the Gabedit software package.®® More
theoretical details for the simulation of the resonance Raman spectra can be found

in Refs. 16 and 15.
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3.3 Results and Discussion

3.3.1 Equilibrium geometry, vibrational frequencies and nor-
mal modes

The optimized geometrical parameters of the three halogenated uracils are given in
Table B2 in the Appendix B. All bond lengths and bond angles (save those involving
halogen) do not show substantial changes upon modifying the halogen substituent,
i.e. the differences are < 0.0064 A in bond length and < 1.3° in bond angle, see
Table B2. However, as expected, the Cs-X1; (X=F, Cl, Br) bond lengths increase
significantly with the increasing mass of X1, i.e., C5-Cly; is 0.38 A longer than Cs-F11,
and Cs-Bryp is 0.54 A longer than Cs-Fq;.

Experimentally, the vibrational frequencies of the 5-halogenated uracils have been

146,189,191-193

measured using IR 1461471897194 a1 d Raman spectroscopy, and the normal

modes corresponding to the peaks in the spectra can be assigned using electronic

structure calculations.®®

In our previous study on the simulation of the resonance
Raman spectrum of uracil,® we found that the choice of functional for the ground
state optimization and subsequent Hessian determination significantly affects the rela-
tive peak intensities. The spectrum based on the optimized geometry and vibrational
frequencies determined using PBEO/aug-cc-pVTZ lead to better agreement with the
experiment compared to using B3LYP /aug-cc-pVTZ. Therefore, in this study we com-
pute the ground state structure of the 5-halogenated uracils and their corresponding
Hessian matrices at the PBEO/aug-cc-pVTZ level of theory, and all the computations
are carried out in implicit water using C-PCM. As there is no vibrational frequency
scaling factor available when using C-PCM, we reported the unscaled frequencies for
the 5-halogenated uracils.

The (unscaled) vibrational frequencies and corresponding normal modes via PED
analysis of the 5-halogenated uracils are provided in Table 3.1 for those normal modes
that are required for understanding the experimental resonance Raman spectra, see

Section 3.3.3. The normal modes are numbered from 1 to 30 for each halogenated

uracil derivative, and modes 8 to 27 presents in the frequency range of the experi-
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mental spectra (500 - 1800 cm™'). For analysis of all normal modes between 500 -
1800 cm™!, see Tables B3, B4 and B5 in the Appendix B. The frequency shift caused
by the substitution of the halogen atom at X;; is determined by comparing the vi-
brational frequencies of each normal mode in the halogenated uracil derivatives, see
Table 3.2 and Figure B1. Modes that are compared directly are based upon their
cosine similarity to 5-fluorouracil, see Figure 3.2. The experimental frequencies are
given in Table 3.2. The difference between the simulated and experimental frequen-

cies are less than 30 cm™! for modes <1600 cm™!

, and ~ 35 - 56 cm ™! for modes
> 1600 cm~!. The difference is likely due to anharmonicity and the explicit solvent

effect.

Table 3.2: Vibrational Frequencies (w/cm™t) Shift of 5-Halogenated Uracils in HyO
(C-PCM).

mode 8 10 12 15 18 19 21 22 23 24 25 26 27

5-fluorouracil  w (simulation) 545 637 762 826 1185 1227 1370 1415 1454 1533 1730 1740 1782
w (experiment)* 553 639 760 820 1183 1223 1349 1431 1431 - 1689 1705 -

mode 8 10 12 15 19 20 21 22 23 24 25 26 27

5-chlorouracil ~w (simulation) 549 613 676 797 1207 1233 1360 1419 1442 1522 1688 1738 1782
w (experiment)® 551 610 - 785 1190 1229 1337 1432 1432 - 1634 1682 -
Aw® 4 24 -87 -29 22 6 -10 4 -120 -11 <41 -2 0

mode 8 9 1115 19 20 21 22 23 24 25 26 27

5-bromouracil w (simulation) 547 605 639 794 1204 1235 1361 1418 1438 1518 1681 1736 1782
w (experiment)® - 613 - 791 1181 1232 1338 1447 2447 - 1631 1680 -
Awt -2 -8 31 -3 -3 2 1 -1 -4 -4 -8 -2 0

 Ref.80.

b Ref.80, frequencies determined at the maximum intensity of each peak in the resonance Raman spectra.
¢ Aw = w(5-chlorouracil, simulation) — w(5-fluorouracil, simulation).

4 Aw = w(5-bromouracil, simulation) — w(5-chlorouracil, simulation).

As the normal modes play a crucial role in the determination of the resonance
Raman spectrum, see Eq.3.1, it is worthwhile to define a criterion that quantifies
the similarity /dissimilarity of the normal modes for the three 5-substituted uracils.
Therefore, the cosine similarity between every pair of normal modes from the different

5-halogenated uracils is also determined as

1 2 =1
S(vy,v7,) - - (3.3)
Y 0102 0h°

Here v}, and v2, are the kth and mth normal modes from the first and second molecule,
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respectively, and U/i,z’ and vgw» are the ¢th components of the normal modes in Cartesian
coordinate space. The possible value of &(v}, v2) ranges from 0 to 1, where 0 means
the two normal modes are completely independent and 1 means these two modes are
identical.

The cosine similarity between the normal modes of 5-fluorouracil and uracil presents
high dissimilarity (few modes with & > 0.85), see Figure B2, so we chose the normal
modes of 5-fluorouracil, rather than uracil, as the reference to study the similarity
between the 5-halogenated uracils. The cosine similarity between the normal modes
important for interpreting the resonance Raman spectra of each species are shown
in Figure 3.2 for (a) 5-fluorouracil and 5-chlorouracil, (b) 5-fluororouracil and 5-
bromouracil, and (c) 5-chlorouracil and 5-bromouracil. (The complete data for all
normal modes between 500 - 1800 cm™! can be found in Figures B3, B4 and B5 of
the Appendix B.)
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Figure 3.2: The cosine similarity for the normal modes of (a) 5-fluorouracil vs.
5-chlorouracil, (b) 5-fluorouracil vs. 5-bromouracil and (c¢) 5-chlorouracil vs. 5-
bromouracil, see main text for further details. x- and y-axes correspond to vibrational
mode numbering, see Table 3.1.
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In Figure 3.2(a), we see that the cosine similarity of many modes in 5-fluorouracil
is greater than 0.9 for at least one corresponding mode in 5H-chlorouracil. These
modes (numbered for 5-fluorouracil) include 8, 10, 18 (19 in 5-chlorouracil), 19 (20 in
5-chlorouracil), 20-24, and 27. The large cosine similarity indicates that these modes
do not change significantly when fluorine is substituted with chlorine in 5-chlorouracil.
The vibrational frequencies for the majority of these modes shift less than 12 cm™!
in going from 5H-fluorouracil to 5-chlorouracil, see Table 3.2. The only exceptions are
modes 10 and 18 that shift -24 cm™! and 22 cm™!, respectively. The large shift of
mode 10 is due to the (F;;C5Cy) bend in 5-fluorouracil changing to (Cly;C5C4) bend
in 5-chlororuracil. The shift of mode 19 can be attributed to the increment of (N;Cg)
stretch in 5-chlorouracil.

Some modes have moderate similarity in 5-fluorouracil versus 5-chlorouracil, i.e.,
modes 12, 15, 25, and 26. For the low-frequency modes, the value of &(vF,, v$}) is 0.81,
and &(vly, v$2) is only 0.75, see Figure 3.2(a). The PED, see Table 3.1, shows that the
internal coordinates of modes 12 and 15 of 5-fluorouracil are quite different from 5-
chlorouracil. Some components in modes 12 and 15 of 5-chlorouracil are significantly
reduced compared to 5-fluorouracil. For example, the (C5CgN;) bend contributes
10% in mode 12 and 25% in mode 15 of 5-fluorouracil, but in 5-chlorouracil this
component is less than 6% in both modes 12 and 15. On the other hand, some other
components increases significantly. For instance, the (CgN;Cs) bend is less than 5%
in mode 12 of 5-fluorouracil, but in 5-chlorouracil contributes 7% and 19% in modes
12 and 15, respectively. The vibrational energy of other components, e.g., (C4N35Cs)
bend and (N3CyN;) bend, is also redistributed significantly between modes 12 and
15. It is notable that (F;;Cs) stretch contributes 7% in mode 12 and 19% in mode
15 of 5-fluorouracil, but in 5-chlorouracil mode 12 has 27% from (Cl;;C5) stretch and
mode 15 has no contribution from (Cl;;Cs) stretch. In Table 3.2, the shift of the
vibrational frequency of modes 12 and 15 are -87 and -29 cm™! from 5-fluorouacil
to 5-chlorouracil. It is self-evident that the difference of mass between fluorine and
chlorine atoms is the reason for the redistribution of the vibrational energy in modes

12 and 15.
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For the high-frequency modes with moderate similarity, the value of &(vis, vS})
and &(vk;, v5)) are both 0.88. This lowering of similarity is due to the vibrational
energy redistribution between modes 25 and 26. In 5-fluorouracil, the (C5Cg) stretch
is 47% in mode 25 and 16% in mode 26. However, in 5-chlorouracil the contribution
of this stretching component increases to 63% in mode 25 but reduces to 0% in mode
26. Similarly, (0419C,4) stretch contributes only in mode 25 but not in mode 26 of
5-chlorouracil, but in 5-fluorouracil both modes 25 and 26 have contributions from
(019Cy) stretch. The vibrational frequency comparison shows mode 25 shifts -25

I and mode 26 shifts -2 cm™! from 5-fluorouracil to 5-chlorouracil.

cm

It is notable that mode 20 of 5-fluorouracil has high dissimilarity to all the modes
of 5-chlorouracil (&(vl,v{}) < 0.52, 8 < N < 27), see Figure 3.2(a). Similarly,
S(vid, oY) < 0.56, 8 < N < 27, see Figure 3.2(a), hence mode 18 of 5-chlorouracil
does not correspond to a single mode but to many components in multiple modes in
5-fluorouracil. Since both mode 20 in 5-fluorouracil and mode 18 in 5-chlorouracil
contain the (X;;C5) stretch (39% (F1,C5) stretch in mode 20 and 23% in (Cly;Cs)
stretch in mode 18), the dissimilarity is likely to be caused by the substitution of the
halogen atom.

The discussion of the cosine similarity of 5-fluorouracil versus 5-bromouracil is
analogous to 5-fluorouracil versus 5-chlorouracil. Comparing Figure 3.2 (a) and (b),
5-chlorouracil and 5-bromouracil have very similar normal mode character, save for
re-ordering of some low-energy modes. The cosine similarity of 5-chlorouracil versus
5-bromouracil is also demonstrated in Figure 3.2(c). In Table 3.2 and Figure B1 it
indicates that the difference of the vibrational frequencies between 5-chlorouracil and

1

5-bromouracil is no more than 10 cm™", except for mode 12 of 5-chlorouracil. It is

interesting to point out that modes 10 and 12 in 5-chlorouracil correspond to modes

9 and 11 in 5-bromouracil.

3.3.2 Vertical excitation energies and oscillator strengths

The vertical excitation energy of 5-fluorouracil has been studied extensively with

electronic structure calculations previously. The values have been determined at
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various levels of theory, including EOM-CCSD, '3 CASPT2,76:177 (IS, and TD-
DFT. 97178180181 The excitation energies have been computed in both the gas phase7:176:177:196
and in solution. 97178:180.18L183 T the best of our knowledge, there is only one paper
that has reported the theoretical vertical excitation energy of 5-chlorouracil, which
are computed at the TD-B3LYP/6-311+G(d,p) level of theory in the gas phase;'™
and there has been only one paper regarding exploration of the excited state poten-
tial energy surface, including the vertical excitation energies, of 5-bromouracil, at the
CASPT2//CASSCF(16,12)/6-311G* level of theory in the gas phase.'® However, no
value has been reported regarding the vertical excitation energies of 5-chlorouracil
and b-bromouracil in water.

The vertical excitation energies of the 5-halogenated uracils at corresponding equi-
librium geometries were determined at the TD-CAMB3LYP /aug-cc-pVTZ level of
theory in implicit water using C-PCM. These values along with the corresponding

oscillator strengths and A- parameters!%®

are reported in Table 3.3. The vertical
excitation energies do not play a crucial role in the determination of the resonance
Raman spectrum but it is useful to compare the present results to experiment, and
worth reporting the excitation energies of 5-chlorouracil and 5-bromouracil in water,
see Table 3.3.

Table 3.3: Vertical Fzcitation Energies (Ev/eV ), Oscillator Strengths (f) and A
Parameters'% for the Three Lowest Singlet Excited States of 5-Halogenated Uracils at

the CAMBSLYP/aug-cc-pVTZ level of theory in HyO (C-PCM). Ezxperimental Values
are Included for Comparison.

Sl 52 S3
T — 7" n—* Rydberg
Ev f Ad Ev f A Ev f A

5-fluorouracil 4.940 0.3267 0.760 | 5.374 0.0000 0.478 | 6.285 0.0068 0.224

experiment | 4.68%4.66P 4.67¢ - - - - - - - -
5-chlorouracil 4.820 0.3368 0.769 | 5.395 0.0000 0.441 | 6.091 0.0003 0.272

experiment 4.54P 4.52¢ - - - - - - - -
5-bromouracil 4.783 0.3337 0.755 | 5.386 0.0000 0.475 | 5.463 0.0004 0.373

experiment 4.47¢ - - - - - - - -

2 Ref.196, measured in water.

b Ref.97, measured in water.

¢ Ref.197, measured in water.

A= W ¢; and ¢, are occupied and virtual orbitals, respectively.
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It is interesting to compare the vertical excitation energies for the 5-halogenated
uracils. The value of the vertical excitation energy to S; decreases by approximately
0.12 eV from 5-fluorouracil to 5-chlorouracil and 0.04 eV from 5-chlorouracil to 5-
bromouracil. The red shift of the vertical excitation energy to S; upon changing the

97197 gee Table 3.3 for corre-

halogen substituent has been observed experimentaly,
sponding experimental shifts. The vertical excitation energy to Ss shows little differ-
ence as the halogen is changed. The oscillator strength shows that in implicit water
S is bright state but S is dark. The energy of excitation to S3 decreases even more
than S;. From 5-fluorouracil to 5-chlorouracil it drops 0.2 eV and from 5-chlorouracil
to b-bromouracil it is reduced a further 0.6 eV. The A- parameter indicates that S3 is
a Rydberg state with strong charge transfer character, which is also similar to what
is found in uracil. %

Compared to the experiment, 7196197 the computed vertical excitation energies
of the 5-halogenated uracils are overestimated ~ 0.3 eV. We observed a similar dis-
crepancy between the computational and experimental vertical excitation energies for
uracil determined at the CAMB3LYP /aug-cc-pVTZ level of theory. %

Comparing to the theoretical vertical excitation energies of the 5-fluorouracil, 7176177196
5-chlorouracil'™ and 5-bromouracil'®? in the gas phase, our computations show that,
for the 5-halogenated uracils in the C-PCM, m — 7* transition is red shifted and
n — m* transition is blue shifted, which is due to the solvation effect, see Table 3.3.
The re-ordering the energetics of excited state has been previously reported for 5-

1 97,178,180,181,183
I

fluorouraci and also has been observed in our previous study on the

vertical excitation energy of uracil,% the parent molecule of 5-halogenated uracils.

3.3.3 Resonance Raman spectra

The Cartesian gradients on the S excited state for the three 5-halogenated uracils
are determined and the resonance Raman spectra are simulated by projecting these
gradients onto the normal mode coordinates. Previously, % we found that, if using TD-
DFT, the excited state gradient is very sensitive to the functional chosen, and a long

range corrected functional (CAMB3LYP) provided better agreement than standard
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hybrid functionals with the experimentally measured resonance Raman spectrum for
uracil. Hence, for the 5-halogenated uracils considered here, the excited state gradi-
ents are determined at the CAMB3LYP /aug-cc-pVTZ level of theory. In the following
discussion, we compare the resulting simulated resonance Raman spectra of the three
halogenated uracils with experimental measurements,® see Figure 3.3. The differ-
ences between the spectra for the three species are investigated via analysis of the
ground and excited states, i.e., normal modes and Cartesian gradients, respectively.

By fitting the experimental resonance Raman spectra, with input of peak posi-
tions and well-justified assumptions on line broadening, the displacements |A| can
be determined. To the best of our knowledge, the experimental fitting displacements
of 5-fluorouracil in water®® and 5-chlorouracil in methanol'™ have been determined,
but the displacements of 5-chlorouracil and 5-bromouracil in water have not been

investigated experimentally.
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Figure 3.3: Resonance Raman spectra of 5-halogenated uracils. Simulations per-
formed in Hy,O (C-PCM) using PBEO/aug-cc-pVTZ ground state geometries and
TD-CAMBSLYP/aug-cc-pVTZ for the excited state. fwhm used in the simulations

is 30 em™. The experimental spectra are taken from Ref 80. The asterisk in the

experimental spectra®’ indicates the internal standard peak of ca. 0.3 M sulfate.

5-fluorouracil

In the simulated spectrum of 5-fluorouracil, the majority of the peaks observed exper-
imentally between 500 cm™! and 1800 cm™! are well determined, see Figure 3.3. The
relative agreement and assignment are discussed from low to high frequency; unless
indicated otherwise, the frequency in the text refer to the experimental values. The
positions (even without frequency scaling) of the four low intensity peaks between 500

cm ™! and 900 ecm™! are captured very well. However, the intensities of some of these
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low frequency peaks, i.e., modes 8, 12 and 15, and their corresponding dimension-
less displacements, are slightly overestimated compared to those in the experimental
spectrum and as determined by the fit values of the displacements,®’ see Figure 3.3
and Table 3.4.

According to the simulation, mode 19, related to (N3C,) stretch, corresponds to
the peak at 1223 cm™! and mode 20, related to (F;;Cs) stretch, is the shoulder peak
at slightly higher frequency. In the simulation, the ratio of I(mode 20)/[I(mode 19)+
I(mode 18)] is approximately 0.85, which is much larger than the value of 0.32 ob-
served in the experiment. The discrepancy is caused both by an underestimation
of the intensity for mode 19 (and/or mode 18) and overestimation for mode 20. In
the experimental fitting,®” these peaks were assigned including modes 18, 19 and 20,
while the simulation suggests that mode 18 plays no role in the resonance Raman
spectrum. Thus, the underestimation of the intensity of mode 18 may be the reason
for the high ratio of peak intensities determined computationally, or it may simply
be from the underestimation of mode 19. In the experiment the peaks corresponding
to mode 21 (1349 cm™!) and mode 25 (1689 cm™!) have almost equal intensity, but

in the simulation the peak intensity of mode 21 is slightly too low.

5-chlorouracil and 5-bromouracil

The experimental (and, hence, simulated) resonance Raman spectra of 5-chlorouracil
and 5-bromouracil are very similar, see Figure 3.3. Therefore, the analysis of the
spectrum of 5-bromouracil is analogous to that for 5-chlorouracil, and, only the latter
is discussed in detail here.

As expected, the relative peak positions for 5-chlorouracil agree well with the
experimental measurement, except for the usual modest shift to higher frequency for
peaks > 1000 cm~!. The peak intensities of the low frequency modes 10 and 12,
at 610 cm™! and 676 cm ™! (computational values provided), respectively, have good
agreement with the experimental spectrum, but the intensities of modes 8 (551 cm™1)
and mode 15 (785 cm™!) are moderately overestimated. Compared to the spectrum

of 5-fluorouracil, the relative peak intensity of mode 12 in 5-chlorouracil is lower and
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the intensity of mode 15 is higher. Since the PED assignments show a redistribution
between mode 12 and mode 15, as discussed with respect to the cosine similarity, the
intensity of these two modes switches as well.

The shoulder peak at 1190 cm™! in the experimental spectrum is significantly
underestimated in its intensity in the simulated spectrum. The peak intensities of
modes 18 (1102 cm ™!, computational value) and mode 19 (1190 cm™!) are only 0.2%

and 0.1% of mode 20 (1229 cm™!), respectively, but in experiment the peak at 1190

1 1

cm™ ! is approximately 50% of the peak at 1229 ecm™'. As expected from their low
intensities, the displacements of modes 18 and 19 also have small |A| values, see
Table 3.4. From the comparison of the peak intensities, it cannot be determined
whether the shoulder peak observed experimentally corresponds to mode 18 or mode
19. The similarity analysis shows mode 19 of 5-fluorouracil (peak at 1223 cm™!) is
very similar to mode 20 of 5-chlorouracil (peak at 1229 cm™1), see Figure 3.2(a), and
the PED analysis shows its primary contributions are (N3Cy) stretch, (N3Cy) stretch
and (H;2C6Cs) bend, see Table 3.1. The shoulder peak 1253 cm™! in 5-fluorouracil,
corresponding to mode 20, is significantly reduced in the spectrum of 5-chlorouracil,
because mode 20 of 5-fluorouracil is dissimilar to all the modes of 5-chlorouracil, see
Figure 3.2(a). Mode 19 of 5-chlorouracil is composed of (N;Cg) stretch and (H;N;Cy)
bend. Therefore, the PED analysis and cosine similarity analysis is unable to assign
the shoulder peak at 1190 cm™! to either mode 18 or mode 19. Since in experiment
the peak at 1229 cm™! is 39 cm™! higher than its shoulder peak, this shoulder peak
is more likely to correspond to mode 19 (26 cm™! lower than mode 20) than mode 18
(131 cm™! lower than mode 20).

' most

In the spectrum of 5-chlorouracil, the broad, low intensity peak at 1432 cm™
likely comprises at least two modes, 22 and 23, and mode 24 may also contribute in
the higher energy region.

Another peak’s intensity that is underestimated in the simulation is mode 26 (1682
em™!), which corresponds to the shoulder peak observed in the experiment at 1682
cm~!; on the other hand its position relative to mode 25 (peak at 1688 cm™!), i.e., 50

em ™! higher frequency, is correctly predicted compared to experiment, i.e., 48 cm ™!
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splitting between these two peaks. Comparing the spectra of 5-chlorouracil and 5-

Lare very different. In 5-fluorouracil, there is

fluorouracil, the peaks above 1600 cm™
a broad peak at 1689 cm™! with a small (experimentally) unassigned peak at 1747
cm~!. Based on the simulation, this broad peak is composed of two modes, 25 and 26
(albeit with one much more intense than the other), and the small unassigned peak
is mode 27. However, in the experimental spectrum for 5-chlorouracil, there are two
peaks that are separated by 48 cm™!. The peak at 1634 cm™! is assigned with only
one mode, mode 25, and the shoulder peak at 1682 cm™! contains two modes, modes
26 and 27, albeit the simulated intensities are too low. As discussed above, the cosine
similarity shows the normal mode characters of modes 25 and 26 are moderately

different, which is caused by the vibrational energy redistribution of (C5Cg) stretch

and (O19C,) stretch between 5-fluorouracil and 5-chlorouracil, see Table 3.1.

Role of exited state Cartesian gradients

According to Eq (3.1), the differences between the spectra for 5-fluorouracil, 5-
chlorouracil and 5- bromouracil can be attributed to two factors: the ground state
eigenvectors of the Hessian matrix T and the Cartesian gradient on the excited elec-
tronic state V. The Cartesian gradients for the S; state as determined at the TD-
CAMB3LYP /aug-cc-pVTZ level of theory in HoO (C-PCM) of the 5-halogenated
uracils are illustrated as vectors for each atom in Figure 3.4. The Cartesian gradi-
ents for the S state of uracil are also determined at the same level of theory and
solvent model. Comparing the excited state Cartesian gradients of 5-fluorouracil to
5-chlorouracil, the gradient on N3, Cs, Cg, and O are almost identical, but the gra-
dient on Ny, Cy, C4 and X;; are different. For the gradients that are different, the
vectors in 5-chlorouracil are much more aligned along the N;-Cg, C5-N3, C4-C5 and
Cs-X41 bonds than in 5-fluorouracil. Furthermore, there is a very small gradient on
Og for 5-fluorouracil but a negligible gradient on this atom in 5-chlorouracil. Most of
the gradients on the atoms of 5-bromouracil are similar to 5-chlorouracil, except that
the vectors on Cy and Xj; more strongly align along the Cy-N3 and Cs5-X;; bonds

than in 5-chlorouracil. Comparing the Cartesian gradients of 5-halogenated uracils
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and uracil, the difference is mainly between the magnitude of the gradients on Xy
in 5-halogenated uracils and the corresponding hydrogen atom in uracil (Hy;). While
all the 5-halogenated uracils have some moderate gradients on X;;, the gradient on

Hy; for uracil is negligible, see Figure B6.

Figure 3.4:  Vectors illustrating the Cartesian gradients for each atom of
(a) 5-fluorouracil (b) 5-chlorouracil and (c¢) 5-bromouracil determined using TD-
CAMBSLYP/aug-cc-pVTZ in HyO (C-PCM) for the Sy excited state.

To understand, how the difference between the Cartesian gradients for the excited
state contributes to the differences in the resonance Raman spectra, we computed
two resonance Raman spectra whose normal mode eigenvectors are both taken from

5-chlorouracil, but using different excited state gradients, see Figure 3.5(a). One of
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the excited state gradients is from the S; state of 5-fluorouracil (F.) and the other
one is from the S; state of 5-chlorouracil (Cl,). Both spectra are simulated using
the vertical excitation energy and transition dipole moments based on Cl,. We also
determined the (normalized) differences between these two spectra by subtracting the
intensity of F, from Cl, for each mode, see Figure 3.5(b).

In Figure 3.5(b), we see the differences of the spectra caused by different excited
gradients are less than 15% of the maximum intensity of the spectrum. For the modes
lower than 1000 cm™!, the contribution of Cl, is to increase the peak intensity; for
the modes higher than 1000 cm™!, Cl, reduces the peak intensity (except for modes
22, 23 and 24, that exhibit very small increases). The largest changes occurred for
modes 15 and 21, in which each mode increases (or decreases) by approximately
15% of the spectrum maximum intensity, while modes 8, 10, 20 and 26 changed by
~ 5%. Therefore, while the difference in excited state gradients plays a moderate
role, the strong difference between the resonance Raman spectra for 5-fluorouracil
and 5-chlorouracil arises from the major changes in the ground state normal modes,

see discussion of cosine similarity and Figure 3.2.
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Figure 3.5: (a) Resonance Raman spectra of Cl. (red) and F,. (blue), see main text
for computational details. fwhm used in the simulation is 30 cm™. (b) The intensity
difference of the (normalized) resonance Raman spectra of Cl, and F,.

We simulated the resonance Raman spectrum using excited state gradients from
the S} state of 5-bromouracil (Br,) and normal mode eigenvectors from 5-chlorouracil,
see Figure 3.6(a). The (normalized) differences between the spectra, Br, and Cl,, are
determined via subtracting the intensity of the former from the later for each mode,
see Figure 3.6(b). The largest differences is ~ 9%, which is smaller than the largest
difference between Cl, and F,, which is 15%. The major changes include 9% in mode
21, 5% in mode 15 and 3% in mode 10. The changes in the rest of the modes are less
than 2%. Since the normal mode characters of 5-chlorouracil and 5-bromouracil also

share high cosine similarity, see Figure 3.2(c), both the experimental and simulated
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resonance Raman spectra of these two uracil derivatives are very similar to each other.
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Figure 3.6: (a) Resonance Raman spectra of Cl. (red) and Br, (green), see main text
for computational details. fwhm used in the simulation is 30 cm™. (b) The intensity
difference of the (normalized) resonance Raman spectra of Cl. and Bre,.

3.4 Conclusions

In this study, the resonance Raman spectra of the 5-halogenated (F, Cl, and Br)
uracils are simulated via DFT (for the ground state), TD-DFT (for the excited
state) and the HT formalism. The resulting peak positions and their intensities
are compared with experimental measurements,® and for most of the peaks, there is

reasonable agreement. To the best of our knowledge, although the relative intensi-
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ties of the lines in the resonance Raman spectra of 5-fluorouracil and 5-chlorouracil
have been computed via the sum-over-state approach previously,'®* the spectrum of
5-bromouracil has not been simulated and analyzed before. We also reported the
vertical excitation energies of the three 5-halogenated uracils, in which the values for
5-chlorouracil and 5-bromouracil have not been reported before. The red shift of the
vertical excitation energy to S; upon changing the halogen substituent observed in
experiment ¥197 is confirmed by our computation using CAMB3LYP /aug-cc-pVTZ,
see Table 3.3.

We investigated the substituent effect on the resonance Raman spectra of the
three H-halogenated uracils. Between the experimental spectra of 5-fluorouracil and 5-
chlorouracil, there are a few dissimilar peaks being observed, see Figure 3.3. The dual-
peak at 800cm™! in 5-fluorouracil corresponds to one single peak in 5-chlorouracil;
the shoulder peak at 1250 cm™! in 5-fluorouracil is “shifted” to 1190 em™! in 5-

chlorouracil; and the single peak at 1700 cm™?

in 5H-fluorouracil corresponds to two
peaks in 5-chlorouracil in the region with same frequency. The cause of these dif-
ferences are examined systematically in terms of their ground state vibrational fre-
quencies, normal modes eigenvectors and excited state Cartesian gradients. The PED
analysis and cosine similarity show that, although most of the normal modes between
5-fluorouracil and 5-chlorouracil are similar, some modes in the low (modes 12 and
15) and high frequency region (modes 25 and 26) have moderate dissimilarity, see
Table 3.1 and Figure 3.2(a). On the other hand, the difference contributed by the
excited Cartesian gradients are between 5 ~ 15% as determined in the comparison
between the resonance Raman spectra of F, and Cl,, see Figure 3.5. Since the shoul-
der peak at 1190 cm ™! in 5-chlorouracil is underestimated in the simulation, the dual
peak structure is not reproduced in the simulation. From the discussion above, we
can conclude that cause of the differences between the spectra of 5-fluorouracil and
5-chlorouracil are due to both the ground state normal mode eigenvectors and excited
state gradients.

Since the experimental spectra of 5-chlorouracil and 5-bromouracil are very simi-

lar, according to Eq 3.1, we expect the normal mode eigenvector, T and the excited
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state Cartesian gradient, Vx, between the two halogenated uracil derivatives to have
high similarity. This is confirmed by the cosine similarity between 5-chlorouracil and
5-bromouracil, see Figure 3.2(c), and the resonance Raman spectra determined using
Br. and Cl,, see Figure 3.6.

As the number of electrons and the mass of the halogen atom increase in the
5-halogenated uracils, not only the normal mode but also the excited state gradient
varies with different halogen substituent. Therefore, as the consequence of these two
factors combined, the resulting resonance Raman spectra of the 5-halogenated uracils

are different.
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Chapter 4

Effects of Hydrogen Bonding with
H>0O on the Resonance Raman
Spectra of Uracil and Thymine

4.1 Introduction

Resonance Raman spectroscopy has been used to probe the initial electronically ex-
cited state dynamics of uracil, thymine and their derivatives, 3038 40,43,44,46,52,80,96,173
During the measurement of the spectrum, the energy of the incident excitation light
is (near-)resonant with the transition energy to the electronic state of the nucle-
obase. Therefore, the frequencies and intensities of the peaks in the resonance Ra-
man spectrum provide crucial information on the initial dynamics of the molecule on
its electronically excited state potential. The experimental resonance Raman spec-
tra of uracil and thymine have been measured and interpreted by various research
groups. 34452 In 2007 and 2009, Yarasi et al. measured the resonance Raman spectra

43,44

of uracil and thymine in water, as well as their corresponding resonance Raman

excitation profiles. In 2008, Xin-Ming Zhu et al. investigated the resonance Raman

spectrum of thymidine and compared the results with the spectrum of thymine.??
Assisted by quantum chemical computations, information regarding the initial

excited state dynamics can be extracted by simulating the resonance Raman spec-

trum. The spectrum can be determined by performing accurate electronic structure

computations on the ground state potential energy surface (PES) using, e.g., Density
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Functional Theory (DFT), and for the excited state, using methods such as Time
Dependent Density Functional Theory (TD-DFT).'® The resonance Raman spectra
of uracil and thymine have been studied computationally via electronic structure
calculations. 27363769 These simulations have been carried out based on two meth-
ods: the Kramers-Kronig transformation (KK)!?2" and the Herzberg-Teller formal-
ism (HT).'6:1% The KK method relies on the relationship between the polarizability
and the optical absorption.?”2637 In 1995, Peticolas and Rush?3® simulated the res-
onance Raman spectrum of uracil using the KK transformation, where the ground
and excited state properties were obtained at the HF/6-31G* and CIS/6-31G* lev-
els of theory, respectively. They also simulated the resonance Raman spectrum of

37 via the same procedure, and compared the result with uracil. In 2004,

thymine
Neugebauer and Hess?” simulated the resonance Raman spectrum of uracil using an
improved formalism of the KK transformation. They also determined the excited
state gradient of uracil at different levels of theory, simulated the resonance Raman
spectrum of uracil using Savin’s equation?* 26 for preresonant Raman scattering, and
compared the resulting spectrum to that computed by the KK formalism. They
found the spectra by the two methods give qualitative agreement to each other. On
the other hand, the HT method is based on the short time dynamics of the molecule
in the excited electronic state. In 2014, Sun and Brown simulated the resonance
Raman spectra of uracil using TD-DFT.% It was found that excited state gradients
determined with long range corrected functionals, e.g. CAMB3LYP, combined with a
PBEO/aug-cc-pVTZ optimized ground state structure, exhibit better agreement with
the experimental spectrum than using standard hybrid functionals such as PBEO and
B3LYP for the excited states.

Although there have been extensive studies on the effect of solvation on the excited
state properties of uracil and thymine, they have focused primarily on the vertical
excitation energies, the excited state relaxation pathways and the corresponding life-
times, 97105 17.118,179,180,198,199 T the best of our knowledge, there is only one study
that investigated the effect of solvation on the resonance Raman spectrum of uracil,®

69

and no analogous study for thymine. Sun and Brown®’ compared excited state Carte-
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sian gradients for uracil, and the resulting resonance Raman spectra, determined in
both implicit water and the gas phase. They found that including implicit water,
when determining the excited state gradients, improved the agreement with the ex-
periment for the peak intensities, especially for peaks with frequencies greater than
1600 cm~!. However, the impact of explicit water and the hydrogen bonds that are
formed with the solute have yet to be studied thoroughly for the resonance Raman
spectrum of uracil.

In this paper, we focus on studying the effects of explicit hydrogen bonding with
water on the resonance Raman spectra of uracil and thymine. The chemical structures
and the atomic indices utilized for uracil and thymine are shown in Figure 4.1. The
excited state gradients for uracil and thymine complexed with one (or two) explicit
water(s) are determined via TD-DFT and the resonance Raman spectra of these
mono- (and di-) water configurations are simulated using the HT method. As the
resonance Raman spectrum is governed by the ground state normal modes and the
excited state Cartesian gradient, we examined how these two factors are changed in
different mono water configurations and investigated the corresponding differences

between spectra.
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Figure 4.1: Chemical structures of uracil and thymine with atomic numbering used
throughout the manuscript.

4.2 Computational Methods

We chose the three bonding sites in uracil and thymine that are most likely to form
hydrogen bonds in water, and added a single explicit water, see Figures 4.2 and 4.3.
The choice of the hydrogen bond sites is accordance with complexes that have low-
est relative energies in previous uracil-H,O and thymine-H,O studies. 150:155,159,200-203
The ground state structures of the three uracil-H,O and corresponding thymine-
Hy0 complexes, (A), (B), and (C), see Figures 4.2 and 4.3, are optimized at the
PBEO0/aug-cc-pVTZ level of theory 19120124125 emhedded in implicit water using the

conductor-like Polarizable Continuum Model (C-PCM). 37138 The convergence crite-

ria for the maximum of force and displacement are 1.5 x 107 and 6.0 x 107° in atomic
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units, respectively; the convergence criteria for the RMS of force and displacement are
1.0 x 107° and 4.0 x 107° in atomic units, respectively; and the ultrafine integration
grid (pruned 99 radial shells, 590 angular points) is used. The Hessian matrix for
each configuration is computed, and the corresponding vibrational frequencies and
normal modes determined. To further investigate the impact of the hydrogen bonds,
we analyzed the potential energy distribution (PED) and the cosine similarity (see Eq

4.3 below) of the normal modes in each of the uracil- and thymine-H,O complexes.

(A) ¢ (B) .
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®© @
I

- - N
¢ ¢ ®
[ A ® -0

O .Q
™
Il
T

Figure 4.2: The geometries of uracil-HyO complexes (A), (B), and (C), as deter-
mined at the PBEQ/aug-cc-pVTZ level of theory in C-PCM (H,0).
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Figure 4.3: The geometries of thymine-HsO complezes (A), (B), and (C), as deter-
mined at the PBEQ/aug-cc-pVTZ level of theory in C-PCM (H,0).

The vertical excitation energies and corresponding oscillator strengths of the first
three excited states were determined at the CAMB3LYP /aug-cc-pVTZ level of the-
ory 124126 via TD-DFT. The excited state gradients of the bright state (S;) were
determined in Cartesian coordinates, as required for the computation of the reso-
nance Raman spectrum, see below. All the excited state computations, including the
vertical excitation energies and excited state gradients, are performed using C-PCM
with default parameters for water to mimic the effects of bulk solvation.

To simulate the resonance Raman spectrum, one needs to compute the dimen-
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sionless displacements via
Aqg = AT 2Vy. (4.1)

Here Aq is the matrix of ground state normal mode displacements, A is the diagonal
matrix of eigenvalues of the mass weighted Hessian, T contains the eigenvectors of the
mass weighted Hessian, M is the diagonal matrix of the atomic masses, and Vx is the
energy gradients of the excited state in Cartesian coordinates. The energy gradients
(Vx) are determined analytically using TD-DFT, and the eigenvectors of the mass
weighted Hessian (T) are extracted from the ground state DFT computation. The

normal mode displacements were converted into dimensionless displacements using

Ay = (%)iAQ,{. (4.2)

e

We simulated the resonance Raman spectrum under the first order approximation
using the independent harmonic oscillator (IMDHO) model within the Herzberg-
Teller short-time dynamics formalism.!%® The incident photon energy is chosen as

1

266 nm and the fwhm in the simulation is 30 cm™, in order to match the fwhm of

well-defined single peaks in the experimental resonance Raman spectra. 4344

The DFT and TD-DFT computations are performed using Gaussian (G09),%* and
the resonance Raman spectra are simulated via the program orca_asa.'®1¢ The PEDs
of the normal modes are analyzed via the VEDA4 software package, 41142 and the A

6

parameters'® are determined using the Gabedit software package.!® More details of

the theoretical derivations for the resonance Raman simulation can be found in Refs.

16 and 15.

4.3 Results and Discussion

4.3.1 Equilibrium geometry, vibrational frequencies and nor-
mal modes

The effect of solvation on the optimized geometries and vibrational frequencies of

uracil and thymine have been presented previously in numerous experimental and

83



computational studies.6%101:149-151,154,155,157-159,200-210 Ty the computational studies,
the water solvation environment has been simulated using both implicit 59101151 and
explicit water, 101:149,150,154,155,158,159,203,209,210 Ty} the present work focused on the res-
onance Raman spectra, the primary interest is in the vibrational frequencies (that
impact peak positions) and eigenvectors (that strongly effect peak intensities).

The ground state structures of three uracil-H,O and three thymine-H;0O complexes
are optimized at the PBE0O/aug-cc-pVTZ level of theory in the gas phase and in
implicit water using C-PCM. The optimized structures are shown in Figures 4.2 and
4.3, and the relative total energy of each configuration is given in Table 4.1. For uracil-
H,0O (thymine-H,0) in the gas phase, (A) is the most stable configuration, while (B)
and (C) are 1.42 kcal/mol (1.54 kcal/mol) and 2.15 keal/mol (1.97 kcal/mol) higher
in energy than (A). The relative energy ordering of these complexes in the gas phase
agrees with that reported previously.1°0:195:159:2002203 Erphedded in implicit water, the
relative energy order of the complexes is changed. The relative energy difference is
significantly reduced from ~ 1-2 kcal/mol (in the gas phase) to < 0.5 kcal/mol (in

implicit water); (B) is now most stable, but (A) and (B) are essentially isoenergetic.

Table 4.1: Relative Energies of Uracil-HyO and Thymine-H,O complexes as De-
termined using the PBE0/aug-cc-pVTZ Level of Theory in the Gas Phase and with
Implicit Water Solvation (C-PCM).

AE [kealmol ™!
uracil thymine

gas phase water (C-PCM) gas phase water (C-PCM)

(A)  0.00 0.08 0.00 0.01
(B) 142 0.00 1.54 0.00
() 215 0.44 1.97 0.30

The bond lengths in uracil and thymine in the gas phase, implicit water, and the
water complexes (plus implicit water) are given in Table 4.2. The complete geomet-
rical parameters are given in Tables C1, C2 and C3 in the Electronic Supplementary
Information (ESI). The geometries of uracil (and thymine) with explicit water in dif-

ferent bonding sites show only small differences (< 0.02 Achange in any bond length)
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between each other, see Tables C1, C2 in the ESI. When water is complexed with
uracil (thymine), one of the H-O bonds of water forms a six membered ring with
the C-O, N-H, and C-N bonds in uracil (thymine), see Figures 4.2 and 4.3. Thus,
compared to the gas phase bond lengths, the bond lengths of C-O and N-H in the ring
increase, while the bond length of C-N gets shortened, see the numbers highlighted
(in italics) in Table 4.2. On the other hand, the bond lengths in water complexes
exhibit almost no difference from the corresponding bond lengths in implicit water

(<9 x 10734A).
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As required by the HT formalism for the resonance Raman simulation, we need
to determine computationally the ground state vibrational frequencies and normal
modes for the uracil- and thymine-H,O complexes, see Equation 4.1. The vibrational
frequencies of the uracil- and thymine-HyO complexes have been computed, see Ta-
bles 4.3 and 4.4, and their relative frequency shifts determined, see Tables C4 and C5
in the ESI; only frequencies relevant to the experimental resonance Raman spectra
are provided. The potential energy distribution (PED) is used to analyze the vibra-
tional energy distribution of normal modes in each configuration for both uracil-H,O
and thymine-H5O, see Tables 4.3 and 4.4. In the PED analysis, a set of internal
coordinates, i.e., stretch, bend, torsion, out-of-plane, is chosen to decompose each
normal mode described by the eigenvector of the Hessian matrix. Thus it allows us
to compare the vibrational energy distribution of the normal modes in different uracil
and thymine configurations. Note that only the modes required for understanding the
resonance Raman spectrum and the hydrogen bonding effect are presented here; PED
analysis for all modes can be found in Tables C6 - C11 in the ESI. The relationship
between the normal modes are examined by computing their corresponding cosine

similarity. The cosine similarity between two arbitrary normal modes is defined as

il?
Vv

k,zvm,z
=1
n L2 n 5 12 :
V2 010 04
i= i=

Here vj and vZ, are the kth and mth normal modes from the first and second struc-

&(uy, vp,) =

(4.3)

2
myi

tures, respectively, and vi’i and v? . are the ¢th components of the normal modes

2

) ranges from 0 to 1, where 0

in Cartesian coordinate space. The value of &(vi,v
means the two normal modes are completely independent and 1 indicates that the
two modes are identical. The vibrational frequencies and normal modes of uracil-
and thymine-H,O complexes have also been compared to the isolated molecules in

implicit water, see Table C4 and Figure C3 in the ESI.
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4.3.2 Uracil-H>O

(a) (B)

(b) (@)

Figure 4.4: Cosine similarity of (a) complexes (A) vs. (B) and (b) complexes (A)
vs. (C) for uracil-HyO. For the definition of the cosine similarity, see Eq 4.5.
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Hydrogen-bonding with explicit water not only shifts the vibrational frequencies
but also alters the characters of normal modes. Using complex (A) as the reference,
the cosine similarities of (A) vs. (B) and (A) vs. (C) were computed. The normal
mode character of complex (A) is more similar to complex (C) rather than (B), see
Figure 4.4, where the cosine similarity for all modes is > 0.74, for (A) and (C), but
for (A) vs. (B) the lowest cosine similarity is 0.66. In the following, the frequency
shifts and changes between mode character are highlighted as these differences will
manifest themselves in the resonance Raman spectra.

Between complex (A) and complex (C), modes 12 and 17 have similarity higher
than 0.98 and modes 24 - 28 have lower, but still significant, similarities of 0.74
- 0.91, see Figure 4.4(b). According to the PED analysis, modes 24-28 in com-
plex (A) are composed of four stretching components (stretch(N;Cy), stretch(CyN3),
stretch(N3Cy), and stretch(N;Cg)) and five bending components (bend(CyN3Cy),
bend(C4N3Hy), bend(C4CsHyy), bend(C5CgHy2), and bend(CgN1Hz)). When chang-
ing the explicit water from site A to C, the vibrational energy of these modes is
redistributed. Mode 29 has a slightly lower similarity of 0.96 between complexes (A)
and (C). The contribution of bend(CgN;Hz) to mode 29 in (C) is smaller than in (A),
and the contributions of stretch(N;C,) and stretch(N3Cy) are increased. Compared
to complex (A), the vibrational frequencies of modes 24, 27 and 29 of complex (C)
are shifted -19, +20 and -19 cm™!, respectively, see Table C4.

Similar to (A) vs. (C), in complexes (A) and (B), modes 12 and 17 have similarity
higher than 0.98, and modes 24 - 28 have similarities of 0.66 - 0.93, which is due to the
vibrational energy redistribution of these modes. Notably, mode 28 of complex (A)
corresponds to mode 27 of complex (B) (& (v, vi) = 0.84), and both of these modes
are dominated by stretch(N;Cs), bend(CgN;H7) and bend(CyN3Cy). The frequency
shift between mode 28 in (A) and mode 27 in (B) is -15 cm ™!, see Table C4.

Comparing modes 31, 32 and 33 in the three complexes, modes 32 and 33 in com-
plexes (A) and (C) are dominated by the mixture of stretch(C,01¢) and stretch(C,Oyg),
while stretch(C;Cg) comprises primarily mode 31. However, in complex (B), stretch(C5Cy)

and stretch(C40qp) are mixed between modes 31 and 32, and mode 33 is dominated
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by stretch(C2Og) only. It is important that the cosine similarity of mode 32 be-
tween complex (A) and (B) (&(viy,v5) = 0.87) is much lower than the similarity
between (A) and (C) (&(vyy,v%) = 0.98). PED analysis shows mode 32 in both
complex (A) and (C) is composed with stretch(C4O19) (50-51%), stretch(CyO0g) (14-
16%) and bend(C4;N3Hy) (11-14%). However, mode 32 of complex (B) is dominated
by 47% of stretch(C4010), 8% of stretch(Cs5Cs) and 14% of bend(C4N3Hyg), whereas
stretch(C20g) is lower than 5%. This indicates that the stretching of the O5-Cg and
04-Cyp bonds are sensitive to the hydrogen bonding environment; a result that is
qualitatively not surprising.

The cosine similarity between complex (A) and isolated uracil in implicit water
(C-PCM) is computed as well, see Figure C3. Since the cosine similarity between all
the modes (that are relevant to the experimental resonance Raman spectra) are >
0.94, it indicates that the normal mode character in complex (A) (and, thus complex

(C)) are very similar to isolated uracil in H,O (C-PCM).
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4.3.3 Thymine-H50

(a) (B)

Figure 4.5: Cosine similarity of (a) complexes (A) vs. (B) and (b) complexes (A)
vs. (C) for thymine-HyO. For the definition of the cosine similarity, see Eq 4.3.
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The cosine similarities of complexes (A) vs. (B) and (A) vs. (C) for thymine are
determined and shown in Figure 4.5, respectively. As with uracil-H;O, the normal
modes between (A) and (C) are very similar; their cosine similarity is higher than
0.95, except for modes 21 ad 22, see Figure 4.5(b). On the other hand, the normal
modes between (A) and (B) have more dissimilarity in modes 27, 38 and 39, see Figure
4.5(a). Modes 21 and 22 of complex (C) are both comprised of torsion(CsC4N3Hyg)
(~ 30%) and out-of-plane(C,C5N3010) (~ 10%). However, mode 21 in complex
(A) is dominated by out-of-plane(C4CsN3O19) and mode 22 is the combination of
stretch(N;Cy), stretch(CsCyy), bend(N;CgCs), and bend(CyN;Cg), see Table 4.4. In
contrast with (A) vs. (C), mode 21 of complex (B) vs. mode 22 of complex (A) has
high similarity (&(vdy, v3) = 0.99).

S (v, v3) is equal to 0.83 and & (vdy, v5y) is equal to 0.71, and they are lower than
the corresponding mode in (C) (&(vdy, v$;) = 0.94). This is caused by the vibrational
energy being redistributed between mode 27 and mode 28, that is, stretch(N;Cg)
increased from 6% in (A) to 18% in (B), and bend(CgN;H7) increased from 3% to
17%.

Another major difference from (A) vs. (C) is that in (A) vs. (B) modes 38, 39
and 40 do not maintain the one-to-one correlation, see Figure 4.5(a), (&(vis, v5) =
0.82 and &(viy, vE) = 0.73). PED analysis shows that in complexes (A) and (C),
modes 38, 39 and 40 are the combination of stretch(C,01q), stretch(C;Cg) and
stretch(C2Og). Mode 38 is assigned with the combination between stretch(CsCg)
(~ 40%) and stretch(C4010) (~ 15%); mode 39 is stretch(C4019) (~ 43%) combined
with stretch(C5Cg) (~22%); mode 40 is the combination of stretch(C4O10)(~ 18%)
and stretch(Co0g) (~ 45%). However, mode 38 of complex (B) is dominated by 60%
of stretch(C4019) (and 17% of bend(C4N3Hy)); mode 39 has contribution from 63%
of stretch(C5Cq) (and 14% of bend(N;CgHiz)); mode 40 is mainly contributed by
stretch(Cy0g). Therefore, the different bonding sites of the explicit water on thymine
can significantly change the normal mode character of its high frequency modes (>
1700 cm 1) and this should be manifest in the corresponding resonance Raman spec-

tra.
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Although there are some changes in the normal mode character, the vibrational
frequencies in different complexes are not significantly shifted. Most of the frequency
shifts are less than 10 cm ™!, except that mode 32 is shifted 30 cm™ from (A) to (B)
and (C), see Table C5.

The vibrational frequency shift of isolated thymine in implicit water (C-PCM)
and its cosine similarity to complex (A) are determined, see Table C5 and Figure C9.
According to Figure C9, as with uracil-H,O, the normal modes in thymine-H,O have
high similarity between complex (A) (and, thus (C)) and isolated thymine in implicit
water (C-PCM).

4.3.4 Vertical excitation energies and oscillator strengths

The effect of solvation on the vertical excitation energies of uracil and thymine has
been studied extensively via TD-DFT and wavefunction-based method using both im-

£ 9799101180 and explicit water, 100105117 118,180.199 1y computing the excited state

plici
gradients, we have also determined the vertical excitation energies, oscillator strengths
and A parameter for the three lowest excited singlet states of uracil and thymine in
the gas phase, implicit water (C-PCM), and with one explicit water plus C-PCM
at the CAMB3LYP /aug-cc-pVTZ level of theory; the optimized geometries are from
Section 4.3.1 as determined using PBEO/aug-cc-pVTZ.

Extensive studies?” 10%117.118,180,199 {41 hoth uracil and thymine showed the energy
of the n — 7* state in water is strongly blue shifted, and the 7 — 7* is moderately
red shifted compared to the energy in the gas phase. This trend is also observed in
our study as well, see Table 4.5.

The difference in the vertical excitation energies is less than 0.15 eV in uracil-
HyO complexes and less than 0.18 eV in thymine-H;O complexes; the differences
in the vertical excitation energies between uracil (thymine) in implicit water (C-
PCM) and uracil-HyO (thymine-H,O) are less than 0.16 eV (0.16 eV), see Table 4.5.
The oscillator strengths and A parameters of uracil-H,O and thymine-H,O do not
change significantly either. In other words, the vertical excitation energies, oscillator

strengths and A parameter of uracil- and thymine-H,O are not very sensitive to the
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presence of a single explicit solvent molecule.

Table 4.5: Vertical Excitation Energies (Ev/eV), Oscillator Strengths (f) and A
Parameters'® for the Three Lowest Singlet Excited States of Uracil and Thymine
in the Gas Phase, in Implicit Water (C-PCM) and with One Ezplicit Water Plus
(C-PCM).

Sy S S
™7t n—n" Rydberg

uracil EV f A° EV f A EV f A
gas®P 5.086  0.0000 0.379 | 5417 0.1740 0.711 | 6.029 0.0030 0.210
H,O(C-PCM) | 5.173 0.3653 0.727 | 5.344 0.0000 0.384 | 6.344 0.0142 0.221
(A) 5.163 0.3808 0.724 | 5.359 0.0000 0.368 | 6.402 0.0331 0.194
(B) 5.140 0.3523 0.720 | 5.506 0.0001 0.358 | 6.403 0.0151 0.198
(©) 5.217 0.3596 0.870 | 5.325 0.0000 0.485 | 6.409 0.0150 0.228

experiment® 4.7 - - - - - - - -

thymine Ev f A By f A Ev f A
gas® 5.128 0.0000 0.395 | 5.229 0.1775 0.789 | 5.779 0.0005 0.235
H,O(C-PCM) | 5.003 0.3628 0.719 | 5.350 0.0000 0.369 | 6.077 0.0020 0.218
(A) 5.004 0.3811 0.719 | 5.362 0.0000 0.363 | 6.132 0.0025 0.215
(B) 4.961 0.3452 0.713 | 5.511 0.0000 0.350 | 6.129 0.0022 0.191
(©) 5.052 0.3621 0.820 | 5.332 0.0000 0.455 | 6.143 0.0021 0.227

experiment? 4.7 0.1342 - - - - - - -

2 Ref.69

Y in the gas phase, Sy is n — 7*, and Sy is T — 7.
¢ Ref.43, according to the UV-vis absorption spectrum.
4 Ref.52.

i ity (b3l || da . . . .
A= W ¢; and ¢, are occupied and virtual orbitals, respectively.

4.3.5 Resonance Raman spectra

The Cartesian gradients of the bright excited state in each uracil and thymine con-
figuration are determined via TD-DFT at the CAMB3LYP/aug-cc-pVTZ level of
theory. The dimensionless normal mode displacements are computed based on the
corresponding optimized ground state structures, and the resonance Raman spectra

are simulated and compared with the experimental results.

Uracil-H,O

The resonance Raman spectra for the uracil-H,O complexes (A), (B) and (C) along
with the implicit water simulation and experimental measurements*?® for compari-

son are illustrated in Figure 4.6; the corresponding comparison including gas-phase
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simulations are shown for comparison, see Figure C4(a); as discussed previously,
agreement with experiment is improved by including implicit solvation. The peak
positions, |A| values for the three complexes and the experimentally determined |A|
values are given in Table 4.6.

The peak positions and intensities in the resonance Raman spectra of complexes
(A) and (C) are very similar, while the spectrum of complex (B) exhibits a different

1

pattern of intensities for the peaks with frequencies between 800 and 1600 cm™", and

more significant differences in the peaks with frequencies higher than 1600 cm~t. The
frequency shifts of the peak positions between the complexes are less than 430 cm ™!,

see Table 4.3.
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Figure 4.6: Resonance Raman spectra of uracil in implicit water and with one
explicit water plus C-PCM. Ground and excited states determined at the PBE0/aug-
cc-pVTZ and TD-CAMB3LYP /aug-cc-pVTZ levels of theory, respectively. fwhm used
in the simulation is 30 cm™'. The experimental spectrum is measured in water and

taken from Ref 43. The asterisk in the experimental spectrum*® indicates the internal
standard peak by ca. 0.4 M sulfate.
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For the three complexes, the peaks corresponding to modes 12 (~ 580 cm™!)
and 17 (~ 800 cm™!) are almost identical, since their normal mode characters are
similar, see Figure 4.4; the intensity of mode 17 is slightly enhanced for complex (B).
On the other hand, due to the vibrational energy redistribution between modes 24
- 29, the resonance Raman spectra show different relative peak intensities between
complexes (A), (B) and (C). The peak intensity ratio I(mode 24)/I(mode 25) = 0.15
in complex (A), but this ratio is < 0.01 in complex (B) and (C). The |A| value
of mode 24 in (A) (1243 cm™') is ten times larger than (B) (1230 cm™!) and four
times larger than (C) (1224 cm™!), see Table 4.6. The peak intensity of mode 26
(~ 1410 cm™!) exhibits almost no difference between the three complexes, while the
peak intensities of mode 27 and mode 28 have large differences. In complex (A), the
peak intensity corresponding to mode 27 (1424 cm™') is higher than mode 28 (1462
cm™!); in complex (B) the intensities of these two modes (1447 and 1450 cm™!) are
reversed due to the exchange of the normal mode characters; in complex (C), the peak
intensities of these two modes (1445 and 1458 cm™1) are almost equal. As expected,
the dimensionless displacements of modes 26, 27 and 28 show the same trend as
observed for the peak intensities, see Table 4.6. The displacement of mode 29 (~ 1530
cm 1) in the three complexes is (B) > (A) > (C). The same trend can also be observed
in the corresponding peak intensities. Compared to the experimental spectrum, the
displacements of mode 29 in complex (B) and (C) are slightly overestimated.

The peak patterns in the high frequency region ( >1600cm™!) are similar between
complexes (A) and (C), because the normal mode character of modes 31, 32 and 33, as
discussed in Section 4.3.1, is similar. In (A) and (C), I(mode 31)/I(mode 32) = 3.2,
and it is much larger than 1. In contrast, the relative peak intensity of mode 32 in
complex (B) is significantly changed, and I(mode 31)/I(mode 32) = 0.92, which is
smaller than 1. The dramatic change of the peak ratio can be observed in the dis-
placements of modes 31 and 32 in (B), where |A|(mode 31) reduces and |A|(mode 32)
increases. Compared to the experimental spectrum whose peak ratio is 0.76, com-
plex (B) gives better agreement than the other two complexes in terms of the high

frequency peak.
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The peak intensity ratio I(mode 25)/I(mode 31) = 1.09 (slightly larger than 1) in
complex (B), which is higher than the corresponding peak intensity ratio in complex
(A) (0.57) and complex (C) (0.63) (both are < 1). Since in the experimental spectrum
this peak intensity ratio is equal to 2.26, which is much larger than 1, the explicit
hydrogen bonding to site (B) improves the relative peak intensity of mode 25.

PED analysis shows the three modes belonging to the high frequency region in the
three complexes are mainly composed of stretching components, i.e., stretch(C;Cg),
stretch(C401p), and stretch(C2Og). In complex (A) and (C), mode 31 is dominated
by stretch(C5Cg), but modes 32 and 33 are mainly mixed between stretch(C,040)
(~ 50% in mode 32, ~ 21% in mode 33) and stretch(C,0g) (~ 15% in mode 32, ~
40% in mode 33). However, in complex (B) modes 31 and 32 are combined between
stretch(C5Cg) (~ 52% in mode 31, ~ 8% in mode 32) and stretch(C,010) (~ 13% in
mode 31, ~ 47% in mode 32), while mode 33 is dominated by the single component
stretch(Cy0g) (~ 69%), see Table 4.3.

Since the dimensionless displacement depends on both the normal mode eigen-
vector and the Cartesian gradient in the excited state, we also compared Cartesian
gradients of the bright state for (A), (B) and (C), see Figure 4.7. It is clear that there
are no significant differences between their excited state Cartesian gradients (except
the minor differences on atoms N; and C; between (B) and (A)/(C)), hence their
initial excited state dynamics. Therefore, the differences of the peak ratio between
modes 31 and 32 in (A), (B) and (C) are primarily governed by the differences in
their ground state normal modes. It also indicates that the dual peak pattern at
1700 cm~! in the experimental resonance Raman spectrum requires explicit hydrogen

bonding to site (B), especially to bond C4O1p.
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Figure 4.7: Vectors illustrating the Cartesian gradients for each atom of (A), (B)
and (C) uracil-Hy O complexes in implicit water for the Sy excited state as determined

at the TD-CAMBSLYP/aug-cc-pVTZ level of theory. For clarity, the explicit water
s not llustrated.

The excited state Cartesian gradients of isolated uracil in HoO (C-PCM) are
illustrated in Figure C5(a) in the ESI, and do not show significant differences from
the gradients of the uracil-H,O complexes. As the eigenvectors of normal modes
on the ground state are very similar between isolated uracil (in implicit water) and
complex (A), see Figure C3, the spectra for these two compounds resemble each other
strongly, see Figure 4.6.

We further studied the hydrogen-bonding effect on bond C,4Oqy by simulating

the resonance Raman spectra of a selective set of uracil-(H,0O), complexes. In these

105



complexes, complex (B) (using one explicit water) was the initial structure, and a
second water was added at site A, B or C. These water complexes are referred to as
(AB), (BB), and (BC) hereafter. The equilibrium geometries and relative energies of
the uracil-(H,0), complexes are shown in Figure C6. The relative energies of (AB),
(BB) and (BC) are 2.32, 0.00, and 3.75 kcal/mol, respectively. For the high frequency
peaks (modes 38 and 39, > 1600 cm™'), only (AB) shows the dual peak structure as
seen in the experimental spectrum, while (BB) and (BC) have only a single peak at
1700 em™', see Figure 4.8. This is because in (BB) and (BC) the peak position of
modes 38 and 39 are too close to each other, so that the two peaks do not get resolved
(for the simulated 30 cm ™! fwhm) but merged into one peak. However, the ratio of the
peak intensity I(mode 38)/I(mode 39) still get improved significantly in these three
complexes as in (B). I(mode 38)/I(mode 39) is equal to 1.05 in (AB), 0.82 in (BB),
and 1.16 in (BC), which are all much closer to the experimental ratio of 0.75. The
displacements of mode 38 are smaller than mode 31 in mono water complexes, while
mode 39 has larger displacements than mode 32 in mono-water complexes, see Table
4.6. Compared to complexes (A) and (C), whose I(mode 31)/I(mode 32) = 3.2,
complexes with hydrogen-bonding to bond C4O; give better agreement with the

experiment for the peaks above 1600 cm™?.
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Figure 4.8: Resonance Raman spectra of uracil computed including two explicit wa-
ters plus C-PCM. Ground and excited state determined at the PBEQO/aug-cc-pVTZ

and TD-CAMBSLYP /aug-cc-pVTZ levels of theory, respectively. fwhm used in the

simulation is 30 cm™. The experimental spectrum is measured in water and taken

from Ref 43. The asterisk in the experimental spectrum4® indicates the internal stan-
dard peak by ca. 0.4 M sulfate.

Thymine-H,O

The resonance Raman spectra for thymine-H,O complexes (A), (B), and (C) and
implicit water simulation along with the experimental measurement** are shown in
Figure 4.9; for a comparison to the gas-phase simulation, see Figure C4(b).

The peaks with frequencies lower than 1000 cm™' (modes 14, 15, 19, 21,and

22) have similar patterns between complexes (A), (B), and (C), since their normal
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modes are similar, see Figure 4.5. Mode 21 (818 cm™') in (A) and mode 22 (821
cm ™) in (B) correspond to the same normal mode character, that is stretch(N;Cy),
stretch(C5Cqq), bend(N;CgCs), and bend(CyN;Cg) in the PED, see Table 4.4; and
their cosine similarity, & (v, v3) = 0.99. The peak at 819-820 cm~* in (C) is the
combination of modes 21 and 22, which are both assigned as torsion(C5C4N3Hy), see
Table 4.4. The displacement of mode 22 in complex (A) is much higher than mode
21; in complex (B), mode 21 has a larger displacement than mode 22. However, in

complex (C), the displacements of modes 21 and 22 are almost equal, see Table 4.6.
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Figure 4.9: Resonance Raman spectra of thymine in implicit water and with one
explicit water plus C-PCM. Ground and ezcited state determined at the PBE0/aug-
cc-pVTZ and TD-CAMB3LYP /aug-cc-pVTZ levels of theory, respectively. fwhm used
in the simulation is 30 cm™'. The experimental spectrum is measured in water and

taken from Ref 44. The asterisk in the experimental spectrum*# indicates the internal
standard peak by ca. 0.4 M sulfate.
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Mode 27 in (A) and (C) (1188 and 1185 cm™') has larger displacements, hence
higher peak intensity, than in (B) (1190 cm™') . This is because of the vibrational
energy redistribution between modes 27 and 28, see Figure 4.5. The peaks between
1200 em™! and 1600 cm ™! have good consistency between (A), (B), and (C).

1

In contrast with uracil, the spectrum above 1600 cm™" in thymine only has a

single peak instead of a dual peak. Our simulation shows this single peak at 1700
cm~! is actually composed by two vibrational modes 38 and 39. However, because
the frequency difference between the two modes is less than 12 ecm™?, the two corre-
sponding peaks are not resolved. This frequency difference is much smaller than for
the corresponding modes in uracil (modes 31 and 32), where the difference is ~ 28 -
38 cm~!. Due to the merger of the two peaks in thymine, it is difficult to determine
which spectrum for a given complex has better agreement with the experiment by
simply comparing the peak intensity. On the other hand, similar to uracil, there is sig-
nificant difference in the peak intensity ratio of modes 38 and 39 in the thymine-H,O
complexes (corresponding modes are 31 and 32 in uracil-H,O complexes) between
(A), (B), and (C); I(mode 38)/I(mode 39) = 40 in (A) and 8.69 in (C), but only 0.27
for (B), see Figure 4.9.

As shown in Figure 4.10, the excited state gradients of (A), (B), and (C) for
thymine-H,O are almost identical, so the differences between their resonance Raman
spectra are solely due to their different normal mode characters. Despite the small
gradient vector on the methyl group of thymine, the rest of the excited gradient of

thymine is, not surprisingly, similar with uracil (slight difference on atom N; and Og),

because of the resemblance in their molecular structure, see Figure 4.1.

111



(A) (B)

Figure 4.10: Vectors illustrating the Cartesian gradients for each atom of (A),
(B) and (C) thymine-HyO complexes in implicit water for the Sy excited stale as
determined at the TD-CAMBSLYP/aug-cc-pVTZ level of theory. For clarity, the
explicit water is not illustrated.

Since uracil and thymine have almost the same excited state gradients, and similar
changes in the ratio of high frequency peaks intensity when bonding to C4Oq, the
structure of the high frequency peaks in thymine should be analogous to the peaks in

uracil. Therefore, the single peak at 1700 cm ™! is composed by two modes and their
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intensity ratio, /(mode 38)/I(mode 39), should be less than 1 as in uracil.

We simulated the resonance Raman spectra of the thymine-(H,0), complexes
(AB), (BB) and (BC), see Figure 4.11. The equilibrium geometries and relative
energies of the thymine-(H,0), complexes are shown in Figure C10. The relative
energies of (AB), (BB) and (BC) are 3.71, 0.00, and 3.53 kcal/mol, respectively.
Similar to (B), for peaks with frequencies > 1600 cm™*, the ratio of the peak intensity
in thymine-(H,0), complexes, I(mode 45)/I(mode 46), is much less than 1 as well
(0.12 in (AB), 0.19 in (BB) and 0.49 in (BC)). Therefore, we can conclude that
the high frequency peak pattern in the experimental spectrum of thymine is the

consequence of the explicit hydrogen bonding to the bond C,0Oq.

113



experiment

(AB)
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T T 1 T T
600 800 1000 1200 1400 1600 1800
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Figure 4.11: Resonance Raman spectra of thymine computed including two explicit
waters plus C-PCM. Ground and excited state determined at the PBEQ/aug-cc-pVTZ

and TD-CAMBSLYP /aug-cc-pVTZ levels of theory, respectively. fwhm used in the

simulation is 30 cm™. The experimental spectrum is measured in water and taken

from Ref 44. The asterisk in the experimental spectrum*# indicates the internal stan-
dard peak by ca. 0.4 M sulfate.

For isolated thymine in implicit water, because both its excited state gradient (of
S state) and normal mode characters on the ground state are almost identical to
complex (A), see Figure C9 and C5(b), the resulting resonance Raman spectrum of

the isolated thymine in implicit water is similar to (A) as well, see Figure 4.9.
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4.4 Conclusions

In this study, we simulated the resonance Raman spectra of three uracil-H,O and three
thymine-HyO complexes. The equilibrium structures, vibrational frequencies, and
normal modes on the ground state electronic state are determined at the PBEO/aug-
cc-pVTZ level of theory in implicit water (C-PCM). The vertical excitation ener-
gies, oscillator strengths, and Cartesian gradients on the excited electronic state are
computed at the TD-CAMB3LYP /aug-cc-pVTZ level of theory in implicit water (C-
PCM). In each uracil-H,O (thymine-H,O) complex, the water molecule is hydrogen
bonded to different hydrogen bonding site. Therefore, by comparing the correspond-
ing resonance Raman spectra, the effects of hydrogen boding in different uracil-H,O
(thymine-H50) complexes can be revealed. Since the resonance Raman spectra are
simulated based on the ground state normal modes and the excited state Cartesian
gradient, the comparisons between spectra are analyzed in terms of these two factors.

The eigenvector of the normal modes on the ground state of the uracil- and
thymine-H,O complexes are examined using PED analysis and cosine similarity. For
uracil-HoO complexes, the cosine similarity showed that the low frequency modes
(mode 12 and mode 17) between complex (A), (B) and (C) have high similarity
(> 0.98), but modes 24 - 28 have lower similarity (0.66 - 0.93), which is due to the
vibrational energy redistribution, see the PED analysis in Table 4.3. The PED anal-
ysis also showed that the internal components in the high frequency modes (modes
31-33) are different between the three complexes. While mode 31 has high similarity
between the three complexes, modes 32 and 33 have higher similarity in complexes
(A) vs. (C) than (A) vs. (B). Similar to uracil-H,O, the normal modes between (A)
and (C) of thymine-H,O are very similar (& > 0.95), except for modes 21 ad 22, see
Figure 4.5(b), while the normal modes between (A) and (B) have more dissimilarity
in modes 27, 38 and 39, see Figure 4.5(a). For the high frequency modes (modes
38-40), modes 38 and 39 have high similarity between (A) and (C), but are dissim-
ilar between (A) and (B); mode 40 is similar in complexes (A), (B) and (C). The

dissimilarity of the high frequency modes of uracil- and thymine-H5O is a result of
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the sensitivity of the O-C bonds of uracil (and thymine) to their hydrogen bonding
environment. Meanwhile, the excited state Cartesian gradients of the bright state
for uracil-H,O complexes do not show significant differences, nor do the gradients for
thymine-H,O complexes, see Figure 4.7 and 4.10.

The resonance Raman spectra of uracil-H,O complexes are simulated and com-
pared to the experimental measurement.“? The two peaks at high frequency (~ 1685
and 1715 cm™ ') in complex (B) have better peak intensity ratio than the correspond-
ing peaks in complex (A) and (C). The relative peak intensity of mode 25 in complex
(B) (1685 cm™!) is closer to the experimental measurement than the corresponding
peak in (A) and (C). Therefore, the spectrum of complex (B) has better agreement
to the experimental spectrum than the other two complexes (A) and (C). Since the
excited state Cartesian gradients are similar in the three complexes, the differences
between the peak intensities discussed above, are the manifestation of the different
normal mode eigenvectors on the ground state that are altered by different bonding
sites of the explicit water.

The similar comparison is made between the resonance Raman spectra of the three
thymine-H,O complexes. Although the spectra above 1700 cm™! in thymine only have
a single peak instead of a dual peak, in the three simulated resonance Raman spectra
of thymine-H,O complexes, significant differences are observed in the peak intensity
ratio of modes 38 and 39 (~ 1710 and 1720 cm™!) in the three complexes, where
the ratio in (B) is much smaller than in (A) and (C). The reason for this difference
is, again, the changing of the normal mode eigenvectors impacted by the explicit
hydrogen boding to water.

The unique role of site B in the resonance Raman spectra of uracil and thymine
is further investigated by simulating the resonance Raman spectra of a selective set
of uracil- and thymine-(H,0), complexes. In these complexes, complex (B) (using
one explicit water) was the initial structure, and a second water was added at site
A, B or C. The peak patterns in the high frequency region (> 1600 cm™') in uracil-
and thymine-H,O complexes resembled those in the same spectral region for uracil-

and thymine-(H,O), complexes. This confirms the necessary inclusion of explicit
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hydrogen bonding on site B on uracil and thymine.

In summary, the explicit hydrogen bonding to water can significantly change the
resonance Raman spectra of uracil and thymine. The effect of hydrogen bonding is
primarily on the normal mode character, especially for the high frequency modes (>
1600 cm™!), but has little impact on the excited state Cartesian gradients of uracil and
thymine. Different hydrogen bonding sites are found to have different contributions
in the resulting resonance Raman spectra, and inclusion of explicit hydrogen bonding
on site B (C401p) is necessary to obtain good agreement between the simulated and

experimental resonance Raman spectra of uracil and thymine.
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Chapter 5

Conclusions and Future Work

5.1 Summary of Thesis Research

In this thesis, we developed an interface of the resonance Raman computer code
(orca_asa) in ORCA (v 3.0) to the GAMESS-US (1May2013) and Gaussian (G09)
software packages; currently implemented and tested for DFT ground states and
TD-DFT excited states both in the gas phase and for PCM treatment of solvation.
The present implementation can be used as a general tool for computing resonance
Raman spectra to assist with the interpretation and understanding of experimental
measurements. Using this tool, we simulated the resonance Raman spectra of uracil
and its derivatives, including 5-halogenated (F, Cl, Br) uracils and thymine, and
examined the spectra in terms of ground state normal mode eigenvectors and excited
state Cartesian gradients.

We studied the performance of different functionals for both the ground and ex-
cited states in the simulation of the resonance Raman spectra of uracil, see Chapter
2. The ground state was optimized using PBEO/aug-cc-pVTZ and B3LYP /aug-cc-
pVTZ, and the corresponding vibrational frequencies and eigenvectors of the normal
modes were determined at the same level of theory, see Table 2.1. The excited state
gradients in Cartesian space were computed using time-dependent density functional
theory (TD-DFT) with four different functionals, including CAMB3LYP, LC-BLYP,
B3LYP, PBEO as well as spin flip TD-DFT (SF-TD-DFT) with BHHLYP, see Figure

2.6. All excited state computations are carried out using the aug-cc-pVTZ basis set.
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The excited state calculations were undertaken in both the gas phase and implicit
water using the conductor-like Polarizable Continuum (C-PCM) Model. The ground
state equilibrium structure was found to impact the resulting resonance Raman spec-
trum significantly through differences in the corresponding normal mode eigenvectors,
see Figures 2.2 and 2.3. Results based on the PBEO/aug-cc-pVTZ ground state ex-
hibited better agreement with experiment than those from the B3LYP /aug-cc-pVTZ
ground state. The simulated resonance Raman spectra using the long range corrected
functionals, i.e., CAMB3LYP and LC-BLYP, showed better agreement with the ex-
perimental spectrum than using standard hybrid functionals, i.e., PBEO and B3LYP,
for the excited state gradients, see Figure 2.2. The solvation effect leads to a change
in the energetic order of the (dark) n — 7* and (bright) @ — 7* excited states, as

97-105

observed previously, see Table 2.3. Incorporating solvent effects via PCM im-

proves the agreement with the experimental spectrum, especially with regard to the
relative intensities of the peaks with frequencies greater than 1600 cm™?

2.2 and 2.4.

, see Figures

For the simulation of resonance Raman spectra of the 5-halogenated uracils, i.e.,
5-fluorouracil, 5-chlorouracil and 5-bromouracil, we computed the equilibrium struc-
tures, corresponding vibrational frequencies and normal modes, at the PBEO/aug-
ce-pVTZ level of theory in implicit water using C-PCM. The excited state gradients
were determined at the TD-CAMB3LYP /aug-cc-pVTZ level of theory in C-PCM, see
Chapter 3. The functionals and basis set for the ground and excited states, as well
as choice of PCM model, used in the computations are chosen based on the conclu-
sions of Chapter 2. The resulting spectra were examined in terms of ground state
normal mode eigenvectors and excited state Cartesian gradients. Using PED analysis
and cosine similarity, we showed that although most of the normal modes between
5-fluorouracil and 5-chlorouracil are similar, some modes in the low (modes 12 and
15) and high frequency region (modes 25 and 26) have moderate dissimilarity, see
Figure 3.2(a). Meanwhile, the contribution by the excited Cartesian gradients to the
differences between the spectra are between 5 ~ 15%, see Figure 3.5. We concluded

that the differences between the spectra of 5-fluorouracil and 5-chlorouracil are due
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to both the ground state normal mode eigenvectors and excited state gradients, see
Figure 3.3. The ground state normal mode eigenvectors between 5-chlorouracil and 5-
bromouracil have high similarity, see Figure 3.2(b), so do their excited state gradients,
see Figure 3.4. Therefore, this explains the reason why the experimental resonance
Raman spectra of these two molecules are very similar, see Figure 3.3.

As we see in Chapter 2, the effect of implicit water not only significantly impacts
the vertical excitation energies, but also plays a remarkable role in the resonance
Raman spectra. To further study the effect of solvation, we directed our attention
to studying the effect of explicit water on the resonance Raman spectra of uracil and
thymine, see Chapter 4. We chose the three bonding sites in uracil and thymine
that are most likely to form hydrogen bonds in water, and added a single explicit
water, see Figures 4.2 and 4.3. The resonance Raman spectra of the three uracil-
H50O complexes and three corresponding thymine-H,O complexes were simulated, see
Figures 4.6 and 4.9. The ground state structures were optimized at the PBE(Q/aug-
cc-pV'TZ level of theory. The vertical excitation energies, corresponding oscillator
strengths of the first three excited states, and the excited state gradients of the
bright state (S7) were determined at the CAMB3LYP /aug-cc-pVTZ level of theory,
see Table 4.5. All the ground and excited state computations were performed using
H,O (C-PCM) in addition to the explicit water. The effects of hydrogen boding
in different uracil-H,O and thymine-H,O complexes are revealed in the comparison
between the corresponding resonance Raman spectra, see Figures 4.6 and 4.9. In the
spectra of uracil-H,O, the two peaks in high frequency region (~ 1685 and 1715 cm ™)
have better peak intensity ratio in complex (B) than in complex (A) and (C); the
peak intensity of mode 25 in complex (B) (1685 cm™') is closer to the experimental
measurement than the corresponding peak in (A) and (C). Therefore, for uracil-HyO
complexes, the spectrum of complex (B) have better agreement to the experimental
spectrum than the other two complexes (A) and (C), see Figure 4.6. The similar
comparison is made between the resonance Raman spectra of the three thymine-H,O

1

complexes. Although the spectra above 1600 cm™ in thymine only has a single peak

instead of a dual peak, in the three simulated spectra of thymine-H,O complexes,
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significant differences are observed in the peak intensity ratio of modes 38 and 39 (~
1710 and 1720 cm™!) in the three complexes, where the ratio in (B) is much smaller
than in (A) and (C). see Figure 4.9. The excited state Cartesian gradients between
the three uracil-H,O (thymine-H50) complexes are similar to each other, as shown in
Figures 4.7 and 4.10. The PED analysis and cosine similarity showed the unique peak
pattern in complex (B) of uracil-HoO and thymine-H,O is the result of the sensitivity
of C4-O1¢ bond to the hydrogen bonding environment governed by the explicit water,
see Tables 4.3 and 4.4 along with Figures 4.4 and 4.5.

In summary, via the research addressed in this thesis, we gained an improved
understanding of the requirements (and limitations) for the computational study of
resonance Raman spectra. First, the necessity of utilizing long range corrected func-
tionals for the accurate simulation of the resonance Raman spectra of uracil (and
its derivatives) was determined; the best choice of functional for the computation of
resonance Raman spectra cannot be determined by vertical excitation energies alone.
The test of different functionals for simulating resonance Raman spectra provides a
useful tool for the initial screening of methods for performing longer time-scale ex-
cited state dynamics. Secondly, the effects of incorporating explicit solvent molecules,
i.e., water, on the resulting resonance Raman spectrum of the solute is explored for
the first time. The specific solute-solvent interactions are found to be important for
simulating the resonance Raman spectra of uracil and thymine. Finally, a power-
ful procedure is set up to analyze and compare the dimensionless displacements and
the resulting resonance Raman spectra for a given species (for different computational
protocols) and between similar systems (for a given computational method and/or ex-
perimental measurement). To examine the vibrational frequencies and normal modes
in the ground state, the PED analysis and cosine similarity provide important tools
for understanding the nature of resonance Raman spectra and the differences ob-
served upon substitution or binding with solvent molecules. For the excited state,
the vectorial representation of the excited state gradients in Cartesian coordinates
provides a visualization of the differences due to computational method for a given

species or between different systems (due to substitution or explicit solvation).
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5.2 Directions for Future Work

Since in our current simulation approach, the Herzberg-Teller effect, vibrational an-
harmonicity, and the Duschinsky effect are not fully taken into account, to improve
the accuracy of the simulations, and gain better agreement with and understanding
of the experimental measurement, one of the goals in the future is to incorporate the
effects above into the current simulation package for resonance Raman spectra. This
will allow examination of the significance of these effects for specific systems including
the nucleobases.

In Chapter 1, we introduced three commonly used approaches, i.e., sum-over-state
approach, time dependent approach and transformation theory, to the simulation of
resonance Raman spectra. In order to simplify the computation, many approxima-
tions are made, which includes the Born Oppenheimer (BO) approximation, Condon
approximation, and IMDHO model. In recent years, extensive studies have been
focused on improving the current simulation approaches and going beyond the ap-
proximations that are made. In this section, the new developments in the resonance
Raman spectroscopy simulation methods are used to provide us guidance to the di-
rections of our work in the future.

When deriving Eq 1.15 in Chapter 1, we invoked the Condon approximation,
where only the Albrecht A term is kept and the higher order terms (usually known as
Albrecht B, C, ...terms) are neglected. The contributions of these higher order terms
are known as the Herzberg-Teller effect.®® Recent computational studies, based on
the sum-over-state approach™2'1"214 and time-dependent approach,?'® showed that
the Herzberg-Teller effect can be significant in the resonance Raman spectra.

When simplifying the FC factor, the IMDHO model is used, where the multidimen-
sional vibrational wavefunction is assumed to be decomposed into 3N —6 independent
harmonic oscillators, see Section 1.1.5 in Chapter 1. Therefore, the vibrational fre-
quencies and corresponding wavefunctions in this model are harmonic, whereas the
anharmonic effect is neglected. However, inclusion of anharmonic vibrational frequen-

cies and wavefunctions (hence the evaluation of the overlap of the vibrational states)
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can improve the peak positions and peak intensities. Barone et al. determined the vi-
brational anharmonicity using the VPT2 method,?'® 2! and implemented this effect
into the simulation of resonance Raman spectra using the sum-over-state approach. 2!

211 pyrene, 211

This approach has been benchmarked for molecules such as imidazole,
chlorophyll al1?!! and [Ru(bpy),]*".™ Their studies show that incorporating vibra-
tional anharmonicity into the simulation can provide better agreement (in both peak
positions and intensities) to the experimental measurement.

Another approximation made in the present simulations is neglect of the Duschin-
sky effect when determining the dimensionless normal mode displacements, A, see
Section 1.1.6 in Chapter 1. In general, the normal mode coordinates of a molecule
can change when it is electronically excited. Each normal mode in the excited state

can be written as a linear combination of all the ground state normal mode coordi-

nates. This is known as the Duschinsky relation,
Q =JQ+K, (5.1)

where ) and @)’ are the normal mode coordinates on the ground and excited states,

respectively; J and K account for the rotation and shift of the normal modes on the

1 211-213 1 214

excited state, respectively. Barone et a and Burova et a independently in-

cluded the Duschinsky effect into the sum-over-state approach; Saalfrank et al.??® and

Liang at al.?!®

implemented the Duschinsky effect in the time-dependent approach.
Another goal we have in mind is to further explore the effect of solvation on the

resonance Raman spectra. As shown in Chapter 4, the interaction between the solvent

and solute can significantly change the peak positions and intensities of resonance

1.104 studied the solvent-induced shifts in the electronic

Raman spectra. Gordon et a,
spectra of uracil, where 150 water molecules have been included in the simulation
using effective fragment potential (EFP) methodology. Our future goal is to further
test the capability of the EFP water model in simulating resonance Raman spectra,
and find a computationally feasible approach to further study the effect of specific

solvation on the resonance Raman spectra.
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Appendix A

Appendix to Chapter 2

Table A1l: FEquilibrium Geometry of Uracil as Determined in the Gas Phase with
the PBEO and BSLYP functionals with the aug-cc-pVTZ Basis Set.

bond length /A PBEO B3LYP | |Ar|/1073%| experimentP| experiment®| experimentd
r(Cs-Cs) 1.341477 | 1.343948 2.471 1.339 1.34496 1.379
7(C5-Cy) 1.451030 | 1.455020 3.990 1.454 1.45500 1.451
r(N1-Cg) 1.364355 | 1.371226 6.871 1.374 1.37196 1.352
r(Ce-Ny) 1.382518 | 1.389893 7.375 1.381 1.38175 1.386
r(N3-Ca) 1.372830 | 1.379744 6.914 1.379 1.3763
r(C4-N3) 1.399281 | 1.408310 9.029 1.402 1.39793
7(0g-Cz) 1.208501 | 1.212010 3.509 1.210 1.21025 1.219
7(010-Cy) 1.210856 | 1.214559 3.703 1.212 1.21278 1.22
r(Hy2-Cg) 1.082213 | 1.080664 1.549 1.079
r(H7-Np) 1.005443 | 1.006408 0.965 1.005
r(Ho-N3) 1.009368 | 1.010351 0.983 1.009
r(H11-Cs) 1.078262 | 1.076957 1.305 1.076
RMSD 0.002° 0.001f
bond angle /° PBEO B3LYP |AG]2
6(N1-C-Cs) 122.04 121.98 0.06 121.6 121.924 122.3
6(C3-N1-Cq) 123.48 123.53 0.05 123.8 123.374 123.0
0(N3-Co-Ny) 113.12 113.06 0.06 113.0 113.383
0(N3-C4-Cs) 113.60 113.61 0.01 113.6 113.860 1154
6(C4-N3-Cs) 128.12 127.98 0.14 128.0 127.942
0(C4-C5-Cq) 119.63 119.84 0.21 120.0 119.516 118.8
0(C5-C4-019) 126.16 126.17 0.01 126.5 125.768 118.8
0(Ce-N1-Hy) 121.38 121.27 0.11 121
0(C5-Co-Hyo) 12253 | 122.63 0.10 126
6(0g-Ca-Ny) 122.71 122.72 0.01 122.6 123.883 122.3
0(010-C4-N3) 120.24 120.22 0.02 119.9
6(H12-C6-Ny) 115.43 115.39 0.04
0(H,-N1-Cs) 11514 | 115.20 0.06
0(Hg-N3-Cs) 115.62 115.71 0.09 114
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0(H11-C5-Cq) 121.96 121.92 0.04 122.0
RMSD 0.44° 0.27*
dihedral angle /° PBEO B3LYP |Ag[?
#(Ca-N1-Cg-Cs) 0.00 0.00 0.00
¢ (N3-C2-N1-Cg) 0.00 0.00 0.00
¢(Cy-N3-Co-Ny) 0.00 0.00 0.00
#(0s-C2-N1-Cp) 180.00 180.00 0.00
#(010-C4-N3-Cq) | 180.00 180.00 0.00
¢(H12-C6-N1-Cs) 180.00 180.00 0.00
¢ (H7-N1-C3-Cg) 180.00 180.00 0.00
¢ (Ho-N3-Cy-Cy) 180.00 180.00 0.00
¢(H11-C5-C6-Cy4) | 180.00 180.00 0.00

@ Difference between PBEO/aug-cc-pVTZ and B3LYP/aug-cc-pVTZ.

> Ref.162

¢ Ref.143

4 Ref.163

¢ between PBEO optimized geometry and experimental data in Ref.162.
f between B3LYP optimized geometry and experimental data in Ref.162.

Table A2: C(Cartesian Coordinates of Uracil Optimized in the Gas phase at the
PBEO/aug-cc-pVTZ Level of Theory.

N -1.1685 0.9790 -0.0000
C -1.2108 -0.4029 0.0000
N 0.0347 -0.9803 0.0000
C 1.2814 -0.3448 -0.0000
C 1.1953 1.1036  0.0000
C -0.0081 1.6965 -0.0000
H -2.0652 1.4337 -0.0000
O -2.2471 -1.0245 0.0000
H 0.0480 -1.9896 0.0000
O 22998 -0.9999 -0.0000
H 21115 1.6720 0.0000
H -0.1268 2.7722 -0.0000
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Table A3: Cartesian Coordinates of Uracil Optimized in the Gas Phase at the
B3LYP/aug-cc-pVTZ Level of Theory.

Z,

-0.4087 -1.7048 0.1049
-1.5675 -0.9379 0.0771
-1.3180  0.4147 -0.0318
-0.0698 1.0620 -0.1121
1.0633 0.1501 -0.0720
0.8533 -1.1732 0.0329
-0.5536  -2.6977 0.1824
-2.6761 -1.4235 0.1423
-2.1337 1.0104 -0.0562
-0.0135  2.2717  -0.2053
2.0548 0.5666 -0.1285
1.6608 -1.8905 0.0663

TTZOoOTZOoOTZmOQOOQQZQA
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Figure A1l: The relative vertical excitation energy AEy(Ss) along the Og-Cs bond.
re = 1.208501A indicates the ground state equilibrium bond length of Og-C.
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Figure A2:
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The theoretical (black line) and experimental*’ (red square) resonance

Raman excitation profiles of uracil in the gas phase. The theoretical excitation profile
is computed at the PBEQ/CAMBSLYP/aug-cc-pVTZ level of theory. The theoretical
excitation profiles are scaled such that the maxima are same as experiments.
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Appendix B

Appendix to Chapter 3

Table B1: Cartesian Coordinates of 5-Halogenated Uracils Optimized in HyO (C-
PCM) at the PBEO/aug-cc-pVTZ Level of Theory.

5-fluorouracil

C 1.19914  0.33679  0.00000
C 1.13808 -1.00145  0.00000
N  -0.06709 -1.63969  0.00000
C  -1.27164 -0.98792  0.00000
N  -1.15726 0.38364  0.00000
C 0.00000  1.14616  0.00000
O  -2.34244 -1.56269  0.00000
O  -0.03403 2.36245  0.00000
H 2.02226  -1.62275  0.00000
H -0.10265 -2.64640 0.00000
H -2.02929 0.89401  0.00000
F 2.36650  0.97866  0.00000
5-chlorouracil
C 0.00000  0.89771  0.00000
C  -1.29321  0.52604  0.00000
N  -1.65321 -0.78398  0.00000
C  -0.75298 -1.81980 0.00000
N 0.55642  -1.40571  0.00000
C 1.04753  -0.10791  0.00000
O  -1.08261 -2.98836  0.00000
(0] 2.24425  0.10519  0.00000
H  -2.10297 1.24183  0.00000
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Q =

T EHEH OO aQZaZzaaq

oS
=

-2.62868 -1.03764
1.24794  -2.14239
0.46236  2.55031

5-bromouracil
0.00000  0.35821
1.34587  0.37934
2.07257  -0.76806
1.51364 -2.02199
0.14106  -2.00796
-0.70780  -0.90923
2.17078  -3.04281
-1.91406 -1.05997
1.91506  1.29811
3.07961  -0.72720
-0.30552  -2.91435
-1.00425  1.93599
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Figure B1: Comparison between the ground state vibrational frequencies of (a) 5-
fluorouracil (b) 5-chlorouracil and (c¢) 5-bromouracil. z-axis is vibrational mode num-
bered according to 5-fluorouracil, unless indicated otherwise, i.e., N, NP

164



uracil

o N o O

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

5-F-uracil

Figure B2: The cosine similarity for the normal modes of 5-fluorouracil vs. uracil.
x- and y-azxes are corresponding vibrational mode numbering.
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Figure B3: The cosine similarity for the normal modes of 5-fluorouracil vs. 5-
chlorouracil. x- and y-axes are corresponding vibrational mode numbering.
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Figure B4: The cosine similarity for the normal modes of 5-fluorouracil vs.

bromouracil. z- and y-azes are corresponding vibrational mode numbering.
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Figure B5: The cosine similarity for the normal modes of 5-chlorouracil vs. 5-
bromouracil. z- and y-azes are corresponding vibrational mode numbering.
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Figure B6: Vectors illustrating the Cartesian gradients for each atom of uracil using

TD-CAMBSLYP/aug-cc-pVTZ in HyO (C-PCM) for the Sy excited state.
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Appendix C

Appendix to Chapter 4

Table C1: Equilibrium Geometries of Uracil in the Gas Phase, Implicit Water and
with One Explicit Water Plus C-PCM as Determined using PBE0/aug-cc-pVTZ. See
Figure 4.2 in the Main Text for the Corresponding Structures.

bond length/A gas  implicit water (A) (B) (©)
r(Ca-N3) 1.3728 1.3713 1.3661 1.3706 1.3653
r(Cz-Og) 1.2085 1.2162 1.2252 1.2159 1.2251
7(C4-Cs) 1.4510 1.4418 1.4410 1.4370 1.4428
7(C4-O10) 1.2109 1.2213 1.2209 1.2308 1.2212
r(C5-Cg) 1.3414 1.3449 1.3459 1.3462 1.3442
r(Cs-Hiy) 1.0782 1.0783 1.0784 1.0782 1.0784
r(Cg-Hy2) 1.0822 1.0812 1.0814 1.0813 1.081
r(N1-Ca) 1.3825 1.3726 1.3667 1.374 1.3672
r(N1-Cq) 1.3644 1.3606 1.3594 1.3585 1.3621
r(Ny-Hy) 1.0054 1.0073 1.0194  1.0076  1.0074
r(N3-Cy) 1.3993 1.3921 1.394 1.3847 1.3914
r(N3-Hyg) 1.0093 1.0100 1.0102 1.0197 1.0196
7(O13-Hi4) 0.9601 0.9766 0.9736
7(O13-Hys) 0.9734 0.9599 0.96

bond angle/* gas  implicit water (A) (B) (®)

0(C3-N1-Cg) 123.48 123.3098 122.8347 123.3478  122.9683
6(C2-N;-Hy) 115.14 116.202 115.1733  116.2214 116.4522
0(C3-N3-Cy) 128.12 127.6366 127.2321 127.1096 127.0971
6(Cy-N3-Hyg) 115.62 115.7069 116.0215 116.8825 114.8826
0(C4-C5-Cq) 119.63 119.4371 119.4569 119.0647 119.4962
0(C4-Cs-Hyq) 118.41 119.0727 118.9957 119.2961 119.0622
0(C4-N3-Hyg) 116.25 116.6565 116.7464 116.0073 118.0198
0(C5-C4-0O1p) 126.16 126.1179 126.2991 125.3154 125.9521
0(C5-Cs-Hi2) 122.53 122.6911 122.5998  122.7103 122.8181
0(Ce-Cs-Hiq) 121.96 121.4902 121.5474 121.6392 121.4416
6(Cs-N1-H7) 121.38 120.4882 121.9909 120.4308 120.5795
0(N1-Co-N3) 113.12 113.6126 114.4397  113.7287 114.4757
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0(N1-C2-Og) 122.71 123.0704 122.8451 1229309 122.4293
6(N1-C-Cs) 122.04 121.9626 122.0716 121.8582 121.8059
0(N1-Cg-Hi2) 115.43 115.3463 115.3287 115.4315  115.376
6(N3-C2-Og) 124.17 123.317 122.7151 123.3404  123.095
A(N3-Cy4-Cs) 113.60 114.0412 113.965  114.8909 114.1568
0(N3-Cy4-019) 120.24 119.8409 119.7359  119.7937 119.8911
0(H14-013-H15) 105.6669  105.675  105.5946
dihedral angle/* gas  implicit water (A) (B) (C)
?(Ca-N1-Cg-Cs) 0.0 0.0 0.0624 0.0342 -0.0343
#(Ca-N1-Cg-Hi2) 180.0 180.0 179.9498 179.9655 179.9685
?(Ca-N3-Cy-Cs) 0.0 0.0 0.0186 0.0196 0.0793
#(C3-N3-C4-O19) 180.0 180.0 179.9862 179.9898 179.9212
?(Cy-C5-Cg-Hi2) 180.0 180.0 179.9748 179.9679 179.9844
¢(C4-N3-Cz-Og) 180.0 180.0 179.9774  179.9298  179.9825
¢(C5-Cy-N3-Hyg) 180.0 180.0 179.9902 179.7292 179.8073
¢(C5-C¢-N1-Hr) 180.0 180.0 179.6826 179.9856  179.978
#(Cp-C5-C4-019) 180.0 180.0 179.995  179.9295 179.9373
¢(Cg-N1-C2-Og) 180.0 180.0 179.9821 179.9234  179.957
¢(H7-N1-C5-Og) 0.0 0.0 0.338 0.0299 0.0112
¢(H7-N1-Co-Hiz) | 0.0 0.0 0.3206  0.0141  0.0248
¢(Hg-N3-C4-O19) 0.0 0.0 0.0146 0.3006 0.1932
¢(Hq1-C5-Cs-Hio) 0.0 0.0 0.0165 0.0057 0.0025
#(N1-Co-N3-Cy) 0.0 0.0 0.0015 0.0789 0.0377
#(N1-Co-N3-Hy) 180.0 180.0 179.9703 179.7862 179.7729
?(N1-C-C5-Cy) 0.0 0.0 0.0383 0.0324 0.0126
¢(N1-Cs-Cs-Hypq) 180.0 180.0 179.9704 179.9946  179.9945
¢(N3-C2-N1-Cg) 0.0 0.0 0.042 0.0852 0.0229
¢(N3-Co-N;-Hr) 180.0 180.0 179.6861 179.9616 179.9688
@ (N3-Cy4-C5-Cp) 0.0 0.0 0.0002 0.0387 0.0632
¢(N3-Cy-Cs5-Hyq) 180.0 180.0 179.9913  179.9981 179.9545
#(0g-Ca-N3-Hy) 0.0 0.0 0.0057 0.2224 0.2473
$(019-C4-C5-Hyy) | 0.0 0.0 0.0035  0.0336  0.045

Table C2: Fquilibrium Geometries of Thymine in the Gas Phase, Implicit Water
and with One Ezplicit Water Plus C-PCM Determined using PBEO/aug-cc-pVTZ.
See Figure 4.3 in the Main Text for the Corresponding Structures.

bond length/A gas implicit water (A) (B) (C)
r(Ca-N3) 1.374 1.3712 1.3658 1.3706 1.3653
r(C3-Og) 1.2097 1.2181 1.2275 1.2178 1.2273
r(C4-Cs) 1.4595 1.4511 1.4502 1.4462 1.4521
7(C4-O10) 1.2127 1.2219 1.2214 1.2314 1.2217
7(C5-Cq) 1.3436 1.3467 1.3475 1.3481 1.3461
r(C5-Ci1) 1.489 1.4897 14807 14809  1.4804
7(Cs-Hiz) 1.083 1.0821 1.082 1.0819 1.0818

r(C11-His) 1.092 1.0922 1.0923 1.0922 1.0922
r(Cq1-Hyg) 1.092 1.0922 1.0923 1.0922 1.0922
7(C11-Ci5) 1.0903 1.0894 1.0895 1.0894 1.0895
r(N1-Ca) 1.377 1.3672 1.3614 1.3686 1.3616
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7(Ny-Cg) 1.3692 1.3656 1.3644  1.3634 1.367
r(Ny-Hy) 1.0053 1.0069 1.0182 1.0072 1.0073
r(N3-Cy) 1.3944 1.389 1.391 1.382 1.3885
r(N3-Hy) 1.0093 1.0099 1.0101 1.0194 1.0191
7(O16-Hi7) 0.96 0.9599 0.9599
r(016-Hyg) 0.9746  0.9767  0.9747
bond angle/° gas implicit water (A) (B) (C)
0(C3-N1-Cg) 123.6891 123.5259 123.0068  123.5487  123.1515
0(C2-N1-Hy) 115.2235 116.2481 115.3461  116.2632  116.5693
6(Cy-N3-Cy) 128.0591 127.6468 127.2431  127.1235  127.1155
0(C2-N3-Hy) 115.6852 115.8141 116.1225  116.9277  115.0355
6(C4-C5-Cq) 117.8622 117.6737 117.6946  117.3076  117.7394
0(C4-C5-C11) 118.1046 118.8207 118.8108  119.1028  118.8473
0(C4-N3-Hy) 116.2557 116.5392 116.6344  115.9482  117.8485
0(C5-Cy-019) 124.9894 125.153 125.3195  124.3597  125.0102
0(C5-Cs-Hi2) 121.9845 122.2428 122.1033  122.1997  122.3269
0(C5-Cy1-Hy3) 110.767 110.972 110.97 110.9756  110.9318
0(C5-C11-Hi4) 110.7669 110.972 110.9713  110.9757  110.9329
6(C5-C11-Cy5) 111.139 110.8137 110.8049  110.7897  110.8149
0(Cs-C5-C11) 124.0332 123.5056 123.4946  123.5895  123.4132
0(Cg¢-N1-Hy) 121.0874 120.226 121.6464  120.1881  120.2791
0(H13-C11-Hiq) 106.4931 106.9458 106.9515  106.9936  106.9527
0(H13-C11-Cy5) 108.766 108.5032 108.5064  108.4889  108.5395
0(H14-C11-Cy5) 108.766 108.5031 108.5063  108.4879  108.5413
0(N1-Co-N3) 112.7943 113.2687 114.1179  113.3853 114.148
6(N1-C2-Osg) 123.1791 123.4669 123.2293  123.3282  122.8281
0(N1-C-Cs) 122.8719 122.8156 122.9567  122.7309  122.6887
O(N1-Cg-Hyo) 115.1435 114.9416 114.9399  115.0694  114.9844
0(N3-C2-Og) 124.0267 123.2643 122.6528  123.2865  123.0239
6(N3-Cy4-Cs) 114.7234 115.0693 114.9808  115.9039  115.1569
0(N3-Cy4-019) 120.2873 119.7777 119.6997  119.7364  119.8329
0(H17-O16-Hg) 105.6592  105.6719  105.5939
dihedral angle/* gas implicit water (A) (B) (C)
¢(C3-N1-Cg-Cs) 0.0007 0.0 0.0515 0.0258 0.0335
#(C2-N1-Cg-Hya) | -179.9994 180.0 -179.9639 -179.9729 -179.9649
@(C3-N3-Cy4-Cs) -0.0004 0.0001 0.0271 -0.0282 0.0782
#(C2-N3-C4-019) | 179.9996 -180.0004 -179.9769 -179.9971 -179.9232
¢(Cy-C5-Cg-Hy2) 179.9998 -179.9997 179.9818  -179.9672 -179.9875
$(Cy-C5-C11-Hyz) | 58.9697 59.3808 -59.3752 59.4164 -59.3575
#(C4-C5-C11-Hia) | -58.9686 -59.3838 59.3948 -59.4127 59.3644
$(C4-C5-C11-Cy5) | 180.0005 179.9985 -179.9898  -179.9976 -179.9951
¢(C4-N3-Co-Og) | -179.9993 -180.0004 179.9619 -179.9244  179.9887
¢(C5-Cy4-N3-Hg) | -179.9996 -179.9999 179.9832  -179.7428  179.797
¢(C5-C¢-N1-Hr) 179.9994 -179.9998 179.721 179.9898  179.9649
#(Cp-C5-C4-019) 180.0001 180.0002 -179.998 179.9345  179.9377
#(Ce-Cs-Cr1-Hy) | -121.0305  -120.6191 120618  -120.5496  120.6578
$(Cg-C5-C1y-Hyy) | 121.0313 120.6163  -120.6121  120.6212 -120.6203
?(Cg-C5-C11-Ci5) 0.0004 -0.0014 0.0033 0.0364 0.0203
#(Cg-N1-C2-Og) 179.9992 -179.9997 179.9988  179.9268  179.9523
#(C11-C5-Cq-Hi2) 0.0 0.0002 -0.0114 -0.0005 -0.0027
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¢(H7-N1-C3-0g) 0.0004 0.0002 0.3101 -0.0385 0.0186
¢(H7-N1-Cg-Hi2) -0.0006 0.0002 -0.2944 -0.009 -0.0335
¢(Hg-N3-C4-O19) 0.0004 -0.0004 -0.0207 0.2884 -0.2044
@ (N1-Co-N3-Cy) 0.0007 0.0001 -0.0136 0.082 -0.0345
¢(N1-Co-N3-Hg) | -180.0001 180.0001 -179.9699  179.7942  -179.7601
#(N1-Cg-C5-Cy) -0.0002 0.0003 -0.0346 0.0342 0.0142
#(N1-C6-C5-C11) | 179.9999 -179.9998 179.9721  -179.9992  179.999
d(N3-C2-N1-Cg) -0.0009 -0.0002 -0.0258 -0.0796 -0.0245
¢(N3-Co-N1-H7) | -179.9997 179.9996 -179.7145  179.9551  -179.9582
d(N3-C4-C5-Cp) 0.0001 -0.0003 -0.0022 -0.0327 -0.0638
$(N3-C4-C5-Cq1) 180.0 179.9997 179.9914  179.9991  179.9507
#(0g-Ca-N3-Hy) -0.0001 -0.0004 0.0056 -0.2122 0.2631
#(010-C4-C5-C11) 0.0 0.0002 -0.0045 -0.0336 -0.0478

Table C3: Intermolecular Equilibrium Geometries of Uracil- and Thymine-HyO as
Determined using PBE0/aug-cc-pVTZ in HyO (C-PCM). See Figure 4.2 and 4.3 in
the Main Text for the Corresponding Structures.

uracil-HyO(A) uracil-H,O(B) uracil-H,O(C)
T'(H7—013) 1.9611 7'(H9-013) 2.0209 T'(Hg—013) 2.0283
T(Og—H15) 1.8982 7’(010—H15) 1.834 7‘(Og—H15) 1.879

O(Ny-H;-Og3)  144.1502 | 6(N3-Hg-Oy3)  142.709 || 6(N3-He-Oy3)  143.0742
6(03—H15—013) 149.7555 9(010—H15—013) 154.724 9(08—H15-013) 152.2778
(H;-Oys-Hyy) 118.7964 || 6(Hg-Oy3-Hyy)  118.467 || 6(Hy-O13-Hyy)  118.6066
6(Cy-Os-Hys)  108.0004 || 6(C4-O19-Hys)  110.5115 || 6(Co-Og-Hys)  108.7737
0(H;-O13-Hys)  79.4733 || 6(Hg-Oys-Hys)  75.6689 || 0(Ho-O15-Hys)  77.2831

thymine-HyO(A) thymine-H,O(B) thymine-H,O(C)
7'(08'H18) 1.8723 T‘(Olo—ng) 1.8315 T‘(Og—ng) 1.858
T(H7—016) 1.987 T(Hg—olﬁ) 2.01137 T'(Hg—Olg) 2.0453

6(Cy-Og-Hys)  107.8265 | 6(Cy4-O1g-Hyg)  110.6205 | 6(Cy-Og-Hyg)  108.8602
O(N;-H-Oy6)  142.9592 || 6(Ny-Ho-Oy6)  143.032 | 6(Ny-Hg-Oyg) 1423025
0(0s-Hy5-O16)  151.7236 || 8(019-Hy-Oy6)  155.0345 || 0(Og-Hy5-Oy)  153.7905
0(H;-O16-Hys)  78.615 || O(Hg-Oye-His)  75.879 || 6(Ho-O16-Hys)  76.4024
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Table C16: Cartesian Coordinates of Uracil-Hy,O at the PBEQ/aug-cc-pVTZ Level

of Theory in HyO (C-PCM).

T IEHo@mOoEOHE OOz aZzQa

D mo@mEHHE=EOOOQOQZQaZAQA

Z Q

0.28317000
-0.72039600
-0.49282700

0.82758900

1.92734800

1.58001500
-1.39711900

3.05653200
-1.70227000

1.02322600

2.36943200
-0.03464700
-3.54130200
-4.08915000
-3.04806900

1.96869300
2.00844300
0.88330200
-0.28846200
-0.42991000
0.80499000
0.92771500
-1.55490800
2.89176200
-1.15446100
0.77756100
2.93118900
-3.16479900
-2.83906400
-3.67337200

-1.99475400
-0.78167500

(A)

1.62272900
0.70570500
-0.64194300
-0.99216100
-0.13561100
1.26287000
-1.46855400
-0.59989700
0.97964300
-1.98322800
1.99757500
2.65639500
0.30327600
0.35980300
-0.53186900

(B)

-1.04046100
0.31745700
1.10600000
0.39502900
-0.98247200
-1.71726300
2.32106200
-1.48174400
0.80215500
0.93344100
-2.79508400
-1.53316200
0.74485700
-0.17236600
0.90939100

(©)
-0.99603400
-1.61549100
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-0.00347900
-0.00674500
-0.00377900
0.00183300
0.00475300
0.00170900
-0.00639900
0.00954900
-0.00588400
0.00365200
0.00379500
-0.00555200
-0.08511800
0.70132000
-0.00241900

0.00785200
0.00456200
-0.00092400
-0.00464900
-0.00190300
0.00524900
-0.00247700
-0.00612400
0.00683000
-0.00539000
0.00778900
0.01267600
-0.08908300
-0.00969000
0.70822500

0.00735300
0.00448000
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Table C17: Cartesian Coordinates of Thymine-H,O at the PBE0/aug-cc-pVTZ

0.40253800
0.27155300
-0.91363900
-2.10619000
1.48831700
-0.87739400
-0.71967000
1.15109600
-3.06972200
-2.85153300
3.16467100
2.84820600
3.67999500

Level of Theory in HyO (C-PCM).

asi=a = i@ == i == B @ == Ja= s B G MO O O IV AN IV ANO!

0.28728
-0.89582
-0.97019

0.24401

1.49942

1.48608
-2.03216

2.50248
-1.79084

0.22415

0.19419
-3.75437
-4.27738
-3.42193

2.78472

3.37783

3.38215

2.62307

1.93075

-0.93231200
0.42667200
1.15558800
0.34356900

-1.49970600
2.37623700

-2.62096100
0.94244900
0.82789700

-1.65520400
0.71390900

-0.20306100
0.88222500

(A)
1.34073
0.66107

-0.69832
-1.32365
-0.72464
0.72549
-1.31388
-1.42159
1.14658
-2.33353
2.41870
0.85331
1.00978
-0.05922
1.45538
1.19592
1.19232
2.53282

(B)
0.54073
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-0.00172900
-0.00433700
-0.00063700
0.00491000
-0.00504300
-0.00222600
0.00605500
-0.00530200
0.00729600
0.01174500
-0.08977900
-0.00627100
0.70247200

-0.00382
-0.00587
-0.00277
0.00202
0.00369
0.00044
-0.00458
0.00769
-0.00488
0.00395
-0.00614
-0.08675
0.70293
-0.00556
0.00212
0.88187
-0.87362
-0.00049

0.00585



T ao@Om@momoEZHE=EOOOQOQZzZQaZ

a=i=s i@ =a i == i =s B @ i == J =z Jl o= Bl G MG MO IO IV AN IV-ANO!

1.17198
-0.19655
-0.73464
-0.04867

1.39424
-0.87040
-0.67373

1.61341
-1.75179
3.00002
-3.28080
-2.47804
-3.78658
2.20477

1.97839

1.98579
3.26969

1.40861900
0.10515900
-0.94839500
-0.59131600
0.69651600
1.76040600
-2.11653300
0.86397100
-0.11697900
-1.36970400
2.13978700
3.17480800
3.38477200
3.38009000
3.86158600
-3.41138500
-3.22754200
-3.88906800

1.67343
1.66703
0.40652
-0.79323
-0.69599
2.68139
-1.85422
2.57870
0.33877
0.70526
-0.98917
-1.53986
-1.15182
-1.94610
-2.55758
-2.55528
-1.71646

(©)

1.35878400
1.77075700
0.90816100
-0.40963500
-0.92877400
0.05945700
1.28463400
-2.13889900
2.75328600
-1.06734800
2.15604400
-0.40733300
-1.02071200
-1.02592600
0.43838000
-1.15839000
-0.20462600
-1.39748200

196

0.00416
-0.00036
-0.00480
-0.00349
0.00268
-0.00056
-0.00807
0.00682
-0.00503
0.00997
-0.08864
-0.00958
0.71079
0.00447
0.88063
-0.87517
0.00927

-0.00635100
-0.00409700
0.00230700
0.00577500
0.00279000
-0.00306800
0.00515700
0.00516400
-0.00616700
0.00671200
-0.01095600
-0.00547000
0.87351400
-0.88190500
-0.00979300
0.08712700
0.00644200
-0.71042600
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Figure C1: The cosine similarity of (A) vs. (B) for uracil.
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Figure C2: The cosine similarity of (A) vs. (C) for uracil.
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Figure C3: The cosine similarity of uracil-HyO (A) vs. isolated uracil in HyO
(C-CPM).
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Figure C4: Resonance Raman spectra of (a) uracil and (b) thymine in the gas
phase. Ground and excited state determined at the PBE0/aug-cc-pVTZ and TD-

CAMBSLYP/aug-cc-pVTZ levels of theory, respectively. fwhm used in the simulation

is 30 em.
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Figure C6: The geometries and relative energies (kcal/mol) of uracil-(HyO)y deter-
mined at the PBEQ/aug-cc-pVTZ level of theory in HoO (C-PCM).
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Figure CT7: The cosine similarity of (A) vs. (B) for thymine.
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Figure C8: The cosine similarity of (A) vs. (C) for thymine.
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H,0 (C-PCM)

Figure C9: The cosine similarity of thymine-HyO(A) vs. isolated thymine in HyO
(C-CPM).
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Figure C10: The geometries and relative energies (kcal/mol) of thymine-(Hy0)s
determined at the PBEQO/aug-cc-pVTZ level of theory in HyO (C-PCM).
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