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ABSTRACT 
 

 
The ability of the nucleic acids to absorb ultraviolet light and remain relatively 

photostable is a property upon which life depends.  The nucleobases, which are the 

primary chromophores, when irradiated display rapid radiationless decay back to the 

ground state, in general faster than is needed for photoreaction.   Fluorescent analogs of 

these bases have structures similar to the nucleic acid bases, but display much longer 

excited state lifetimes.  Theoretical investigations using quantum mechanical methods 

can provide insight into the precise mechanisms of these decay processes, and to the 

molecular specifics that contribute to them.  The results of multi-reference configuration 

interaction (MRCI) ab initio investigations into these mechanisms are presented, with 

emphasis on cytosine and its fluorescent analog 5-methyl-2-pyrimidinone (5M2P).   A 

comprehensive picture of the potential energy surfaces of these two bases is given, 

including stationary points and conical intersections, where radiationless transisitons are 

promoted, between up to three state surfaces, as well as pathways connecting these points 

for each base.  Cytosine is shown to have two different energetically accessible 

radiationless decay channels.  The fluorescence of 5M2P is also demonstrated 

theoretically, with mechanism proposed.  The potential energy surfaces of the two bases 

have many close similarities, with the different photophysical properties being attributed 

to subtle energetic differences between the two bases.  Nonadiabatic coupling and the 

geometric phase effect are analyzed in detail near conical intersections in cytosine, 

including in a region close to a three-state conical intersection.  A substituent effect study 
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on the 2-pyrimidinone ring system shows that the presence, position and orientation of 

the amino group in cytosine is central to its photophysical properties, particulary its high 

absorption energy, and can be explained with a simple Frontier Molecular Orbital model.  

The effects of water solvent on the excitation energies of cytosine and uracil are 

theoretically investigated using two multi-reference ab initio methods, a quantum 

mechanical molecular mechanics method using MRCI (MRCI-QM/MM), and the 

fragment molecular orbital multiconfiguration self-consistent field method (FMO-

MCSCF).  The solvatochromic shifts calculated from both methods agree well with other 

more expensive methods and experimental data.  The effects of water on the 

photophysical pathways of cytosine is also investigated using MRCI-QM/MM, including 

considerations of solvent reorganization.  Results show that the overall effect of water on 

the decay mechanisms is small, with neither decay channel being significantly blocked or 

favored. 
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CHAPTER 1 

INTRODUCTION 

 
1.1  Overview 

 
Life depends on its molecular components remaining stable under a variety of 

physical and chemical stresses.  One of the primary dangers to life is ultra-violet (UV) 

radiation from the sun, having the potential to induce photochemical reactions in the 

nucleic acids, which can lead to mutations and various forms of cancer.1-6  These 

reactions, however, are in general infrequent, and DNA and RNA display strong 

photostability against UV radiation, and remain largely, as they must, unchanged in spite 

of the absorbance of high-energy photons.  The primary chromophores in the nucleic 

acids are the bases adenine, guanine, cytosine, thymine (DNA) and uracil (RNA).  These 

bases have long been known to display very low fluorescence quantum yields upon UV 

irradiation, and their excited state lifetimes are very short, on the order of 1 ps or less,7 

decaying back to the ground state radiationlessly (very low fluorescence quantum yields) 

and generally on shorter timescales than is required for photochemistry to take place.   

While a great deal is known about the experimentally determined lifetimes of the 

individual bases,7 less is known about the actual mechanisms that the bases undergo in 

order to display such vitally short excited state lifetimes.  Theoretical calculations can 
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help us better understand these mechanisms, by mapping out the ground and excited state 

potential energy surfaces (PESs), which are dependent on the molecular geometry.  Thus, 

by exploring the PESs, the possible geometrical changes that an excited population can 

experience after excitation are also explored.  A recent review by Kistler and Matsika8 of 

theoretical studies of the DNA bases, as well as their fluorescent analogs, provides a 

current overview of this field. 

   

Figure 1.1  Cartoon representation of ground and excited state potential energy surfaces for a 

hypothetical photoreaction.  Shown are various stationary points and a ci, and arrows indicating 

absorption and where emissive and nonadiabatic transitions can occur. 

 

Figure 1.1 shows a cartoon of the ground and excited state PESs for a 

hypothetical photo-induced chemical process, displaying the possible outcomes.8  Like 

the ground state PES, excited state PESs can display a variety of features, such as 
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stationary points (minima and transition states) and conical intersections (ci), which are 

points where two or more state PESs intersect and become energetically degenerate, and 

radiationless transitions can occur between the intersecting PESs.  The theory behind ci 

and their influences on photophysical properties will be detailed later in this chapter.  The 

presence of excited state PES minima deep enough to bind vibrational states promotes 

excited state population trapping, extending the excited state lifetime, generally in the 

range of nanoseconds (ns) to microseconds (�s), until fluorescence to the lower energy 

PES occurs, in the case of singlet PESs, or with often longer timescales in the forbidden 

case of triplet-to-singlet PES transition.  On the other hand, if a ci between the excited 

state and a lower energy PESs is energetically accessible, that is, there are no significant 

energetic barriers blocking access, and the ci is not significantly higher in energy than 

any minima on the excited state PES, then it is possible for the population to transition 

radiationlessly, that is, without visible photons, to the lower PES, since it has access to 

the ci.  Rather than depending on the transition dipole magnitude and the Franck-Condon 

factor that determine the probability of an emissive transition, these radiationless 

transitions occur with a probability that depends upon particular nuclear motions, and are 

therefore outside of the BOA, and are termed nonadiabatic transitions.  Where an 

emissive decay releases its excess energy in the form of light, a nonadiabatic transition at 

or near a ci, or at an avoided crossing, as shown in Fig. 1.1, converts excited state excess 

energy into high vibrational energy on the ground state PES, and this excess vibrational 

energy is dissipated as heat to the surroundings as the species relaxes back to the ground 

state minimum.  Like minima and transition states, the ci corresponds to a particular 

molecular geometry, or conformer, which in some cases can be significantly distorted 
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from its ground state equilibrium geometry.  If the geometry of the ci is energetically 

accessible by a minimum energy pathway on the excited state PES starting from vertical 

excitation, which corresponds to ground state (GS) geometry, then the ci is considered a 

viable radiationless decay channel for the molecule to rapidly return to the ground state 

reactant geometry.  No reaction takes place in this scenario, therefore this is a 

photophysical process, rather than a photochemical process, where the ground state of a 

reaction product is reached.  This thesis will focus primarily on the photophysical 

processes of the DNA bases, rather than on the photochemical processes, such as thymine 

dimerization.9   

While this qualitative description of our main objectives in theoretically 

explaining fluorescence or radiationless decay may seem rather simple, putting them into 

practice with reasonable confidence of accuracy is difficult.  An electronically excited 

state is, by definition, a quantum mechanical construct.  Describing states at vertical 

excitation of the GS geometry of a DNA base, which is primarily planar, is relatively 

straight forward.  Excitation energies have been calculated with reasonable accuracy 

using a variety of correlated methods.  However, in order to demonstrate fluorescence or 

radiationless decay theoretically, the excited state PESs should be followed accurately 

from vertical excitation to locate stationary points and ci, and ultimately map out the 

excited state landscape, which will then lead to theoretical predictions of a photophysical 

mechanism, based on the terrain of that landscape.  This requires that the methods used 

have analytical gradients available, in order to optimize the structure on an excited state 

PES, as well as routines which can calculate vibrational frequencies for identifying and 

characterizing stationary points.  It also requires that algorithms are available within the 
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method used to locate seams, the locus of PES points where two or more states intersect 

and are degenerate, and locate minimum energy points on the seams.  After the location 

and identification of stationary points and ci, in order to describe a more complete picture 

of the important excited state PESs, the stationary points and ci should be connected by 

minimum energy pathways to better construct a more complete picture of what the 

molecule can do after excitation.  This comprehensive analysis of PESs has been done for 

cytosine and a fluorescent cytosine analog which is structurally similar to cytosine, but 

displays different photophysical properties, and these studies will be presented in this 

thesis.10-12 

While the location of intersections between the PESs of two states is certainly 

important in theoretically describing the photophysical properties of the DNA bases, 

regions where more than two states become degenerate are also possible, and might be 

important in an overall description of the decay mechanisms.  Three-state intersections, 

the theory of which will be described more rigorously later in this chapter, have been 

located in adenine and uracil by Matsika,13 and this thesis will present the results of 

studies which have located such intersections in both cytosine and 5M2P, and how 

nonadiabatic transitions near them are affected.12 

The structure of the bases themselves is also of interest.  After all, these are the 

structures that nature has chosen to make up the central functional parts of some of the 

most important molecules of life itself, and it is possible that they have remained 

unchanged in that role since the beginning.  Some of this biological tenacity is no doubt 

due to their photostability, since less stable heterocycles would not have survived.   A 

structural analysis of cytosine in terms of its photophysical properties has been carried 
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out,14 and will be presented in this thesis.  It will be shown that its photostability depends 

on relatively subtle structural criteria, which also happen to be important in its ability to 

base-pair in DNA. 

It should be noted here that this energetic landscape that is being constructed, with 

the features mentioned above corresponding to particular conformationally distorted 

molecular geometries, does not necessarily tell us how the atoms will actually move after 

excitation, as such movements are dependent on vibrational modes bound by the PES.  

These vibrational modes, however, would depend on the entire topology of the PES, and 

without knowledge of this topology the actual dynamics cannot be determined.   

This thesis will primarily focus on construction of these PESs, rather than the 

vibrational motions that would occur on them, since such dynamical studies were outside 

the scope of this research.  An analogy to highway systems can be made, where we will 

be primarily interested in the roads themselves, the driving terrain, rather than how cars 

would actually drive on them.  We can make intelligent qualitative statements of the 

molecular changes that could take place after vertical excitation, but no rigorous quantum 

dynamics were part of the studies presented here. 

Another important issue with respect to the photophysical behavior of DNA is the 

effect of solvent, specifically water.  Native DNA is aqueous, and the influence of water 

should be ultimately incorporated into a comprehensive theoretical study, not just in 

terms of absorption changes in comparison to gas phase, so-called solvatochromic shifts, 

but whether the entire excited PES is altered, and the resulting possible changes in the 

decay mechanisms.  This thesis will present the results of studies on both these solvation 

effects on uracil and cytosine.15,16   
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While the focus of this thesis is primarily on the pyrimidines, especially cytosine, 

and their fluorescent analogs, the title of the thesis implies that the purines should be 

addressed.  Indeed, considerable theoretical studies were successfully carried out by this 

graduate student on the photophysical properties of two fluorescent purine analogs, 2-

aminopurine (2AP) and 8-vinyladenine (8vA) in collaboration with the Robert Stanley 

group in the Temple University chemistry department, especially Goutam Kodali, who 

also did theoretical and experimental studies on these systems.  In an effort to obtain 

electronic structure properties, such as state and transition dipole moments, difference 

dipoles, and absorption energies to support experimentally measured effects of an applied 

electric field on the absorption and emission of these bases (Stark spectroscopy), the 

highest level ab initio calculations on these systems to date were performed and the 

results of these collaborations were published.17,18  Unfortunately, in light of the current 

length of this thesis, these studies will not be included here.  The reader, however, is 

encouraged to read these papers, which, in addition to being the first to report Stark 

spectroscopic data for these bases, also apply several of the important theoretical insights 

gleaned from the pyrimidine studies presented here to elucidate a detailed and 

comprehensive picture of the general purine electronic structure and its changes with 

radiation.   

Another important question in the general photophysics of DNA is the influence 

of base stacking, and the excited state coupling between bases, which may lead to long-

lived, but potentially less dangerous, excitonic states, where the excited state is shared 

between two or more bases, or may lead to charge transfer states, where an electron is 

transferred between bases upon absorption.19-25  A collaboration study with fellow 
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Matsika group members Chris Kozak, who did the majority of the study, and Zhen Lu, on 

the excited state coupling of homodimers of thymine, cytosine, and adenine, using a 

variety of high-level ab initio methods, was recently published.26  It explains 

mathematically and with computational results the importance of method choice in 

accurately predicting the stability of charge-transfer states, and provides a detailed 

analysis of the influence of base-base orientation as it relates to excitonic coupling.  As 

with the 2AP and 8vA studies mentioned above, this study will regretfully not be 

included in this thesis, but would be of great interest to researchers interested in this 

important and difficult to model property of DNA and polynucleotides.   

 

1.2 Theory 

1.2.1 The Born-Oppenheimer Approximation (BOA) 

 Since Born and Oppenheimer published their seminal paper27 outlining the results 

of approximating that nuclear and electronic motions can be treated as separable, 

electronic structure calculations of excited states have been greatly simplified, even if 

computational resources to do such calculations accurately have only recently become a 

reality.  This separation of the two types of motion is based on the large difference of 

mass of nuclei compared to much lighter electrons.  The fundamentals of the Born-

Oppenheimer Approximation (BOA) are presented here, along with useful results of this 

approximation. 

 The total molecular Hamiltonian for the system can be written as 

 H T V= + , (1.1) 
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where H is the Hamiltonian energy operator, T is the kinetic energy operator, and V is the 

potential energy operator.  These terms can be itemized in terms of electrons and nuclei 

as 

 ( , ) N e ee eN NNH T T V V V= + + + +r R , (1.2) 

where r and R designate electronic and nuclear coordinates, respectively.  TN is the 

nuclear kinetic energy, Te is the electronic kinetic energy, Vee is the electron-electron 

repulsion, VNN is the nuclear-nuclear repulsion, and VeN is the electron-nuclear attraction.  

These operators are written explicitly in atomic units, as 

 2 21 1 1
( , )

2 2 i
i i j i ie ij i

Z ZZ
H

M m r r R
α βα

α
α α α β αα α αβ> >

− −= ∇ + ∇ + − +� � �� �� ��r R , (1.3) 

where Mα  is the mass of nucleus α, me is the mass of an electron, Zα  and Zβ  is the 

nuclear charge of nuclei α and β, respectively, rij is the distance between electrons i and j, 

rαi  is the distance between nucleus α and electron i, and Rαβ is the distance between 

nuclei α and β.  We can separate the Hamiltonian into nuclear and electronic parts, where 

TN will be the nuclear part, and the rest is combined into the electronic part, with VNN 

being a constant which depends on the nuclear coordinates.  The essence of the BOA is 

the assumption that because the nuclei are so much heavier than the electrons, they move 

much slower than the electrons, and so they are approximated to be fixed in space.  This 

simplifies the Schrödingler equation (SE) problem significantly, by allowing separation 

of the nuclear and electronic coordinates of the total wave function of some state I, for 

example, the ground state, ( ; )T
IΨ r R , such that 

 ( ; ) ( ) ( ; )T e
I I IχΨ = Ψr R R r R . (1.4) 
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where ( )Iχ R  and ( ; )e
IΨ r R  are the nuclear and electronic wave functions of state I, 

respectively, R are the nuclear coordinates, and r are the electronic coordinates.  We can 

now solve the SE in terms of the electronic part with fixed nuclei, 

 ( ; ) ( ) ( ; )e e e e
I I IH EΨ = Ψr R R r R , (1.5) 

where e
IE is the electronic energy of adiabatic state I for a fixed set of nuclear coordinates 

R, also known as the potential energy.  If the nuclear coordinates are changed, such as 

from stretching the bond in a diatomic molecule, then each new set of R corresponds to a 

new energy, and in this way a potential energy surface of the state can be calculated.  By 

then using ( )e
IE R , or by fitting an analytic function to it, such as the harmonic or Morse 

oscillator for diatomic bond stretching, the nuclear SE can be solved, 

 ( )N e T
I I IT E Eχ χ+ =  (1.6) 

where χI are the vibrational states bound on the electronic energy surface.   

 The BOA simplification of the SE leads to several useful quantities in UV-visible 

spectroscopy, where a ground state system is assumed to absorb a photon and 

instantaneously excite into a higher-energy state on the time-scale of the nuclear motion, 

by including the interaction of light as a time-dependent perturbation.28  One quantity that 

arises is the transition probability, PIJ, which is proportional to the square of the total 

transition dipole, given as RIJ for transitions between states I  and J,  

 
22

ˆT T
IJ IJ I JP R µ∝ = Ψ Ψ  (1.7) 

where µ̂  is the dipole operator,  

 ˆ i i
i

e Z rµ = �
�

. (1.8) 
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If we include spin considerations, the total wave function of state I is 

 T e s
I I I IχΨ = Ψ Ψ  (1.9) 

where s
IΨ is the spin function of state I.  Equation (1.7) is now separated as  

 
2 22 2

ˆe e s s
IJ I J I J I JR µ χ χ= Ψ Ψ Ψ Ψ , (1.10) 

with the first term being the magnitude of the electronic transition dipole between 

electronic states I and J, the second term being the spin overlap between the two states, 

giving rise to the spin selection rules, and the third term being the magnitude of the 

overlap between the vibrational wave functions of states I and J, integrated over the 

nuclear coordinates, R.  This third term is the Franck-Condon Factor, and this use of the 

BOA to predict transition probabilities is known as the Franck-Condon Principle.29-31  

Related to the probability of transition is oscillator strength,32 fIJ, for transitions from 

state I to state J, given as 

 ( )
2

2

2 ˆ
3

e
IJ J I I J

m
f E E µ= − Ψ Ψ

�
 (1.11) 

 
A bright state is a common term used to describe a state with a high oscillator strength 

transition from the ground state, the state most likely to be populated upon irradiation, 

whereas a dark state describes a state with a low oscillator strength transition from the 

ground state.  The same logic can be applied to emissive states, where a system on an 

excited PES with some R and high oscillator strength with the ground state (bright) will 

more probably emit than one with a lower oscillator strength (dark).  Calculated oscillator 

strengths will be presented for both DNA bases and their fluorescent analogs in this 

thesis, however, it should be noted that while comparing relative values is useful, the 

absolute accuracy of those calculations depends on the accuracy of the calculated energy 
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gap, EJ – EI, as well as the state electronic wave functions themselves, and so will only be 

discussed in qualitative terms of comparison.   

A term that is often used in describing such electronic excitation within the BOA 

framework is vertical excitation, which implies that in a typical x-y plot of energy (y) and 

nuclear coordinate (x), an excitation happens “vertically”, or along the energy-axis, and 

the system is unchanged along the nuclear-axis at the moment of photon absorption.  This 

term shall be used throughout this thesis.  Figure 1.233 displays the ground and excited 

PESs for a simple system as a function of some internal nuclear coordinate, such as bond 

stretching in a diatomic molecule, resulting from solving the SE within the BOA.  The 

two eigenstate PESs are termed adiabatic, which means that within the BOA a population 

will remain in one eigenstate as the nuclear coordinates change, with transitions between 

eigenstates occurring purely electronically, without nuclear motion being involved, as a 

result of absorption or emission of a photon, with a probability of transition dependent on 

the Franck-Condon factors, as described above.  Because the excited state has a different 

electronic distribution than the ground state, its equilibrium minimum will generally have 

different nuclear coordinates than the ground state.  The blue arrow indicates an 

electronic transition from the  vibrational level v” = 0 of the ground state (E0) to the 

vibrational level on the excited state (E1) which overlaps the most at that set of nuclear 

coordinates, which in the figure is the turning point of the v’ = 2 level.  Thus, the most 

probable transition from the ground state results in a vibrationally, as well as 

electronically, excited state:  a vibrationally “hot” excited state.  This vibrationally hot 

initial state of the excited system will become important in this thesis when comparisons 

between excited PESs of cytosine and those of fluorescent analogs of cytosine are made, 
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since it contributes to their differing behaviors after excitation, as will be discussed in 

subsequent chapters.   

Vibrational relaxation rate of the electronically excited state to its zero-point v’= 0 

vibrational level generally depends on collisions with surrounding molecules, or else 

internal vibrational redistribution.  However, assuming the excited electronic state does 

relax to its lowest vibrational state, a transition back to E0 will occur vertically, and in the 

case of Figure 1.2, to v” = 2, resulting in a vibrationally hot ground state. 

 

 

Figure 1.2  Excitation and emission.  Two adiabatic electronic state PESs are shown as functions 

of nuclear coordinate q, with bound vibrational levels shown in orange.  The blue arrow shows 

vertical E0 to E1 vertical excitation.  The green arrow shows E1 to E0 radiative emission.  Both 

transitions occur at q where there is maximum vibrational overlap between the electronic states.  

q01 is the extent of nuclear relaxation after exitation. 
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It should also be noted from Figure 1.2 that the energy of emission is lower than 

the energy of absorption, which is common since the excited state system generally 

relaxes its molecular geometry to reach the excited state minimum.  This energetic 

differences is known as the Stokes shift.34   

Another term that will be used frequently is Franck-Condon region (FC), which 

loosely refers to the region on an excited state where the original ground state molecular 

geometry remains largely unchanged, that is, the nuclear coordinate region close to 

vertical excitation of the ground state equilibrium system. 

 Like absorption, emission of a photon from the excited state in a fluorescence 

decay to the ground state is also approximated to be a vertical transition “down”, and 

again the nuclei are considered to be fixed during the transition, which in the case of 

Figure 1.2 results in a vibrationally excited ground electronic state.  

  

1.2.2  The Born-Huang Expansion and Nonadiabatic Coupling 

 The BOA, and all the results of this approximation outlined above, are most 

accurate for electronic state transitions where the two states are well-separated 

energetically.  In regions where state PESs get close energetically, or intersect, the BOA 

is no longer valid, and a full expansion of the SE is required.  Born and Huang35 

presented an expanded SE to describe dynamics in crystal lattices in 1954, wherein the 

approximation of fixed nuclei in electronic state transitions is lifted.  The important 

points, as they are related to research here, will be presented.  
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 When Ns adiabatic state PESs approach one another, it is proposed that a total 

wave function, TΨ , of the system can be constructed as an expansion in terms of the 

individual adiabatic states, such that 

 
1

( , ) ( ) ( ; )
sN

T e
I I

I

χ
=

Ψ = Ψ�r R R r R . (1.12) 

This is the Born-Huang expansion, and it can be seen intuitively that this mixing is a 

deviation from the separation of adiabatic states imposed by the BOA, where population 

is either on one adabatic state or another, but not multiple states at once.  This expansion 

is exact in the limit of Ns = ∞ .  The nuclear SE using this expansion for the total wave 

function now contains several extra terms from the nuclear kinetic energy operator, TN, 

operating on the various adiabatic basis states, and can be written in atomic units as 

 
1 1

( ) (2 )
2 2

sN
N II e IJ IJ T

I I J J I
J I

T k E k Eχ χ χ χ
µ µ≠

−− + + ⋅∇ + =� Rf  (1.13) 

where µ is the effective reduced nuclear mass of the system, 21
2

NT
µ

−= ∇R , and fIJ
  and kIJ 

are given as 

  ( ) = 
e e
I JIJ e e

I J
I J

H

E E

Ψ ∇ Ψ
Ψ ∇ Ψ =

−
R r

R r
f R  (1.14) 

and  

 ( )
I J

IJ e e IJ IJ IJk = Ψ ∇ Ψ = ∇ ⋅ + ⋅2
R Rr

R f f f  (1.15) 

In both these quantities, the integrals are over electronic coordinates, and the differential 

is with respect to nuclear coordinates.  fIJ
 is called the derivative coupling or the 

nonadiabatic coupling, and kIJ is its curvature with respect to change in nuclear 

coordinates.  This coupling becomes large when the motion of nuclei results in a large 
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change of the electronic character of a state, a scenario quite outside of the BOA.  From 

the form of equation (1.14), it can be seen that this nonadiabatic coupling becomes large 

when the energy gap between the two states I and J is small, and singular at a point of 

intersection between the two adiabatic states, where the two states are degenerate.  

Nonadiabatic transition dependency on the energy gap is also seen in the famous Landau-

Zener formula36-38 for one-dimensional scattering assuming the nuclei move along 

classical trajectories, with the rate of nonadiabatic transition, PLZ, given as 

 
22

v F
LZP e

πλ−
∆=  (1.16) 

where � is the coupling between the states, which is half the energy gap EJ – EI , v is the 

velocity, and �F is the difference in the gradients of the two adiabatic states, 

[ ]J IE E∇ −R . 

Conversely, as seen in equations (1.14) and (1.15), when the energy gap is large, 

and the adiabatic states do not mix as much, fIJ and kIJ become small, approaching zero in 

the limit of infinitely large state separation, which is the case of the BOA.  Given that the 

orthonormality condition e e
I J IJδΨ Ψ =  applies to the adiabatic states involved, and if 

the wave functions are taken to be real, it can be shown that  

  = -  and  0IJ JI II =f f f , (1.17) 

making f antihermetian.  Analysis of the nonadiabatic coupling will be explored in detail 

in this thesis for cytosine, which displays radiationless decay of its excited state, as well 

as one of its fluorescent analogs, 5M2P, which displays emissive decay.  Other, perhaps 

more familiar, terms have been used which have similar meaning, or description, of 

nonadiabatic coupling, such as vibronic coupling,39 short for “vibrational-electronic” 
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coupling since it is a coupling between electronic states by virtue of nuclear motion, and 

internal conversion, which is often used to describe state transitions of the same spin 

without photon emission.   

 

1.2.3 Conical Intersections and Seams 

 As was described qualitatively earlier in this chapter, in order to theoretically 

predict if a molecular system will undergo ultra-fast radiationless decay, which is thought 

to contribute to the vital photostability of DNA,7 or fluoresce with much longer 

timescales, thus tending toward more photoreactivity, it is important to accurately map 

out excited state PESs, and locate points of intersection with other states, where 

nonadiabatic coupling is high, relative energetically to other features on the PES.  We 

will briefly describe the important aspects of these points of intersection here.   

 In 1929, von Neumann and Wigner40 proved that in a molecular system of Nint 

internal coordinates, degeneracy will occur in a subspace of Nint – 2 dimensions.  To 

illustrate this, consider a scenario where two adiabatic states, ψ1 and ψ2, intersect, and are 

both described as an expansion of two diabatic basis functions, φ1 and φ2.  These diabatic 

functions are orthogonal to each other and to the rest of the adiabatic states ψ of the 

system.41  The elements of the two-state Hamiltonian matrix, Hij, are ˆ
i jHφ φ , and the 

matrix is given as 

 11 12

21 22

H H

H H
� �

= � �
� �

H . (1.18) 

The eigenvalues obtained from diagonalization of H, assuming a symmetric matrix, are 

the electronic energies, which are 
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 ( )
1

2 2 211 22
1,2 11 22 12

1
4

2 2
H H

E H H H
+ � 	= ± − +


 �
 (1.19) 

Two conditions must be met for degeneracy of the two electronic states, 

 11 22H H=  (1.20) 

 12 0H = . (1.21) 
 
These two “conditions for the crossing”40 dictate that the intersection space, where 

degeneracy is maintained, will span all internal coordinates but two, and so is int 2N −  

dimensional, with the remaining two internal coordinates removing the constraints,41 and 

lifting degeneracy.  This is the essence of the non-crossing rule.  The intersection space is 

also called the seam space, where one can imagine a seam of intersection from the sheets 

of two PESs crossing each other.   

 The two internal coordinates which lift degeneracy are vectors that define a plane 

which is orthogonal to the rest.  These vectors can be derived41-44 from first order Taylor 

expansions with respect to R of the terms involved in the degeneracy conditions, 

displaced by some δ R from the point of intersection, Rx, such that R = Rx + δ R : 

 ( ) ( ) ( )H H H δ= + ∇ ⋅x R xR R R R  (1.22) 

 ( ) = 0 + ( )H H δ∆ ∇ ∆ ⋅R xR R R  (1.23) 

 12 12( ) = 0 + ( )H H δ∇ ⋅R xR R R  (1.24) 

where 22 11( )H H H∆ = −R .  The conditions for the crossing now are 

 0H δ∇ ∆ ⋅ =R R  (1.25) 

 12 0H δ∇ ⋅ =R R  (1.26) 
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For these conditions to hold, the displacementδ R must be orthogonal to the plane created 

by the vectors H∇ ∆R and 12H∇R , which, because we truncated the Taylor expansions to 

first order, lift degeneracy from the point of intersection linearly, and form the double 

cone topology, thus a conical intersection.  These two vectors are the branching 

coordinates, which, using Yarkony’s notation,44 are denoted gJI and hJI, and are defined 

as 

 [ ]JI
I JH E E≡ ∇ ∆ = ∇ −R Rg  (1.27) 

 12
JI H≡ ∇Rh  (1.28) 

gJI  is sometimes called the tuning coordinate,44 and is the difference in the gradients of 

the two PESs crossing.  hJI is sometimes called the coupling coordinate.  These two 

vectors are internal coordinate nuclear motions, similar to normal modes, and are 

orthogonal to the rest of the Nint – 2 internal coordinates along which degeneracy is 

maintained.   

The coordinates where degeneracy is maintained make up the seam space, where 

the seam is the locus of points of intersection between two PESs, with  a conical 

intersection (ci) centered at each point of intersection.41,44,45  The seam then consists of an 

infinite number of ci, forming together a crest of the lower energy adiabatic state, and the 

trough of the upper energy adiabatic state.  Figure 1.3 illustrates this for the very simple 

case of a Nint = 3 system, where two diabatic PESs intersect as two sheets, with resulting 

adiabatic (Born-Oppenheimer) surfaces after diagonalization being a lower crest E1 

surface, shown in blue, and an upper trough E2 surface, shown in red.  The seam has 

int 2N −  dimensions, which in this case is a one-dimensional line, chosen as it can be 

shown easily in print (cytosine has 33 internal coordinates, and thus the seam space is a 
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31-dimensional hyper-surface).  To the right in the figure are the same two intersecting 

surfaces, now represented as a series of ci with cone points making up the seam, with red 

upper cones combining to form the upper adiabatic surface, and blue lower cones making 

up the lower adiabatic surface.  It should be noted that, as will be demonstrated in the 

research presented here, these seams can be followed to their minimum, with the ci at the 

seam-minimum being the reported ci, although there are actually an infinite number of ci 

along any seam, and those higher in energy than the seam-minimum can also be involved 

with a photophysical mechanism.  A seam optimization is a constrained minimization 

with the crossing conditions acting as the constraints.    

 

Figure 1.3  A seam formed from two intersecting PESs.  Colors delineate adiabatic states.  On the 

left, blue is the lower E1 adiabatic surface, and red is the upper E2 adiabatic surface, and a black 

line indicates the seam of intersection.  The same surfaces are shown as a series of ci combining 

to make the two surfaces, with the ci at the minimum point on the seam indicated.   

 
 Often normalized branching coordinates, called intersection-adapted coordinates, 

are used when analyzing nonadiabatic coupling in regions around ci in the branching 

plane.41,45  They are given as x and y, and defined as  

 
g

≡ gx  (1.29) 
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h

≡ hy  (1.30) 

where g and h are the magnitudes of  the branching vectors g and h, |g| and |h|, 

respectively.  The topography in the region around a ci can be analyzed from 

quasidegenerate perturbation theory,46,47 with the Hamiltionian matrix in the g-h 

branching plane given as 

 
1 0

( )
0 1x y

gx hy
s x s y

hy gx
� � � �

= + +� � � �−� � � �
H . (1.31) 

Quantities x and y are the displacements along the g and h branching vectors, 

respectively, and sx and sy are the projections of 
2

I JE E
H

+� �∇ = ∇� �
� �

on the branching 

plane, thus defining the tilt components of the double cone (Figure 1.4).  Diagonalization 

of H then yields the eigenvalues 

 
1

2 2 2
1,2 ( , ) ( ) ( )x yE x y s x s y gx hy� 	= + ± +
 � . (1.32) 

 
 

 

Figure 1.4  A conical intersection between two adiabatic states. Branching coordinates g and h 

and the tilt defined by projection components sx and sy, as described in the text, are shown.   
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Conical intersection topographic parameters g, h, sx, and sy define the shape and tilt of the 

conical intersection, and will be reported for each of the ci presented in this thesis. 

 It should be noted that there are actually three different kinds of conical 

intersections, depending on the symmetry:  symmetry-required, symmetry-allowed and 

accidental.  Symmetry-required ci are present in high-symmetry systems where symmetry 

itself enforces the conditions of degeneracy between states.  This is known as the Jahn-

Teller effect,48,49 and much literature has been devoted to it,50-53 with the “Mexican hat” 

problem a famous example in certain high-symmetry species, such as C5H5, C6H6
+ and 

Ag3.54  Symmetry-allowed ci arise when states of different symmetry cross, thus ensuring 

H12 = 0.  The seam space is Nint – 1, and degeneracy is lifted in one dimension, making a 

double-wedge rather than a double-cone.  Accidental ci are those that exist in systems 

with little to no symmetry.  They are the most common type, and the most difficult to 

locate, since there are no symmetry-imposed restrictions on their existence.  The ci 

reported for the DNA bases and their fluorescent analogs, including those described in 

this thesis, are between states of the same symmetry, and in particular, no symmetry (C1), 

and thus are examples of accidental ci.  This type of ci follows the descriptions outlines 

above, that is, linear double-cones with two branching coordinates and topography given 

in equation (1.32), where there are no symmetry-imposed criteria for the conditions for 

degeneracy.43,44  The ci discussed in this thesis will be exclusively of the accidental type, 

and symmetry-allowed or symmetry-required ci will not be significantly discussed 

further. 

 Of additional historical note, although their existence has been known in theory 

for many decades, the computational challenges in actually locating ci have only recently 
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been solved.  Unfortunately, during the many years that these challenges were unsolved, 

thus leading to the lack of significant theoretical progress in locating ci, it was thought 

that if ci did exist, they would be rare, and relatively unimportant in terms of 

photophysical processes.  We know now that ci are actually very common, and are of 

central importance in explaining photophysical and photochemical processes of a great 

number of molecular systems, including DNA, which is directly involved with life itself. 

 

1.2.4 Adiabatic and Diabatic State Representations 

 For the most part, the terms adiabatic and diabatic states will be used 

qualitatively in the research presented in this thesis.  They are two different ways to 

describe the same set of states.  Calling a state adiabatic will refer to it being an 

electronic eigenvector of a diagonalized Hamiltonian, that is, ( ; )e
IΨ r R , where the I 

means its place in the energetic order starting with the lowest energy state, at some R.  In 

Figure 1.3, where the two state sheets cross, no matter which side of the crossing one 

considers, the blue lower crest is the PES of 1 ( ; )eΨ r R , and the red upper trough is the 

PES of 2 ( ; )eΨ r R .  The sheets themselves, however, are the diabatic representation.  By 

definition, diabatic states have zero derivative coupling for all R.  In the case of research 

presented in this thesis, the diabatic description will generally refer to the characters of 

the states.  For example, the character of the ground state equilibrium minimum of 

cytosine is primarily described as a closed-shell singlet, which at the equilibrium 

minimum geometry, Req, is S0.  Of interest is where this state crosses the excited state 

which has a character that is primarily ππ*.  Figure 1.5 shows a cartoon of this scenario, 

where the diabatic closed-shell character state continues through the ci and becomes the 
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adiabatic S1 state, while retaining its diabatic closed shell character beyond the ci.  At Req 

adiabatic S1 is of diabatic ππ* character, which is retained through the ci, but beyond the 

ci it is now the adiabatic S0 state. 

These two different representations of states are of great importance 

computationally.  While an actual population of molecules at Req vertically excited onto 

the ππ* surface in the PES picture shown in Figure 1.5 would be expected to rapidly go 

 

 

Figure 1.5  Qualitative adiabatic and diabatic representations of two singlet electronic states 

crossing at a ci.   

 

through the ci, and either stay on the ππ* surface or follow the S0 state back to its 

equilibrium minimum, the computational picture can be very different.  Gradients of 

PESs, which are followed to locate minima or transition states, are generally calculated in 

the BOA, since the eigenstates themselves are BOA adiabatic states.  Thus, this 

procedure would have the vertically excited ππ* population eventually simply rattling 

around on S1 at the ci, since the PES in the adiabatic representation is a trough at the ci, 
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and both states must be included in a dynamical study of this process.  In order to model 

actual nuclear changes through a ci, it is convenient to transform the adiabatic state wave 

functions into their diabatic representations.40,41,44,55  Such a transformation can be 

illustrated41 for a two-state system where the adiabatic eigenstates, ψ, are each linear 

combinations of diabatic basis functions φ, such that 

 1 1 11 2 21c cψ φ φ= +  (1.33) 
and  

 2 1 12 2 22c cψ φ φ= +  (1.34) 

where cij are found from diagonalizing the Hamiltonian H with elements ˆ
ij i jH Hφ φ= .  

Writing the Hamiltonian as 

 
1 0 cos sin
0 1 sin cos

H R
α α
α α

� � � �
= +� � � �−� � � �

H  (1.35) 

where  

 11 22

2
H H

H
+= , (1.36) 

 11 22

2
H H

H
−∆ = , (1.37) 

 2 2
12R H H= ∆ + , (1.38) 

and the rotation angle α is defined by 

 12cos  and sin .
HH

R R
α α∆= =  (1.39) 

The adiabatic states can be shown, then, to be 

 1 1 2cos sin
2 2
α αψ φ φ= +  (1.40) 

and  
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 2 1 2sin cos
2 2
α αψ φ φ= − + , (1.41) 

which are the diabatic representations of the adiabatic eigenstates.  The problem with this 

representation is that the derivative coupling for polyatomic molecules in general cannot 

be exactly zero for all R, although it can be very small, and diabatic states are not unique 

and well-defined, as adiabatic states are.  Thus, purely diabatic states do not exist, and 

instead quasidiabatic states are constructed.38  In addition, nonadiabatic dynamics can 

also be done without transformation from the adiabatic respresentation.  Martinez, for 

example, has developed a method called multiple spawning, where dynamics through ci 

is carried out on adiabatic PESs.56  As no such quantum dynamics were done in the 

research presented in this thesis, nor were mathematical adiabatic-to-diabatic 

transformations explicitly performed, further discussions about the diabatic 

representation of adiabatic states will be in qualitative terms of electronic character 

description, as presented here, rather than mathematically rigorous.    

 

1.2.5 Seam Optimization and Conical Intersection Searches 

 The conditions for the crossing given in equations (1.25) and (1.26) provide 

constraints by which seams may be located and optimized to locate their minima.  

Yarkony57,58 has presented a Lagrange multiplier method wherein the Langrange 

multipliers correspond with these crossing conditions, with the Lagrangian given as 

 1 2
1

( , , ) ( ) ( ) ( ) ( )
M

IJ I IJ IJ k k
k

L E E H Cξ λ ξ ξ λ
=

= + ∆ + +�R R R R R , (1.42) 

where �1, �2 and �k are the Langrange multipliers, �EIJ(R) = EJ(R) – EI(R) is the energy 

gap of the adiabatic electronic states ( ; )e
IΨ r R  and ( ; )e

JΨ r R , 
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( ) ( ; ) ( ; ) ( ; )e e e
IJ I JH H= Ψ ΨR r R r R r R , ( ; )eH r R  is the non-relativistic Born-

Oppenheimer Hamiltonian, M is the number of nuclei in the molecule, and C is a 

geometric constraining function that can be included, depending on the specifics of the 

molecular problem of interest.  At an extremum of ( , , )IJL ξ λR , ( )IE R  will be a 

minimum in the subspace of R which is orthogonal to the branching plane defined by g 

and h, as given in equations (1.27) and (1.28), that is, ( )IE R  will be a minimum on the 

seam.  The algorithms for carrying out this seam-optimizing method have been 

implemented in COLUMBUS,59-61 and were used for all ci-related studies presented in 

this thesis. 

 

1.2.6 Three-State Conical Intersections 

 Three-state conical intersections arise from three adiabatic electronic state PESs 

which become degenerate, and promote nonadiabatic transitions between three states.   

The first accidental three-state ci was found in the CH4
+ cation by Katriel and 

Davidson.62  Location and characterization of three-state ci in larger molecules has only 

very recently been achieved, due to the computational challenges.  Matsika and Yarkony 

presented an efficient algorithm for locating three-state ci,63 and located such 

intersections in the ethyl radical,63 allyl radical,64 and pyrazolyl radical.65  Matsika has 

located them in the nucleic acid bases uracil and adenine,13 and has shown that they could 

influence the photophysics of those systems.  This thesis will present the location of three 

different three-state ci in cytosine, as well as a fluorescent cytosine analog, and show how 

they are connected to other previously located important excited state points. 
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Similar to the treatment used to determine the conditions of crossing in the two-

state ci, with three states crossing the 3 3× Hamiltonian matrix H reveals the conditions 

required for a three-state ci: 

 
11 12 13

21 22 32

31 32 33

H H H

H H H

H H H

� �
� �= � �
� �
� �

H . (1.43) 

Here the crossing conditions are that the energies of the three states must be equal, so 

 11 22 33H H H= = , (1.44) 

which gives two crossing conditions.  The off-diagonal elements must be zero, so, 

assuming a symmetric matrix,  

 12 13 23 0H H H= = = , (1.45) 

which give three more conditions, totaling five conditions needed for three-state 

degeneracy.  Thus the three-state seam space is spanned by Nint – 5 internal coordinates, 

with the remaining five coordinates making a 5-dimensional branching space with 

branching vectors g21, g32, h21, h31, and h32, defined in the same way as in the two-state ci 

treatment.  Unfortunately, unlike the case of two-state ci, which can be graphically 

illustrated, the 5-dimensionality of the branching space makes graphical representation of 

the topology of the three-state ci impossible, although it is possible in regions very close 

to the ci, as will be shown here for cytosine.  Whereas in the case of two-state ci, which 

have a single two-state seam, three-state ci are the confluence of two different two-state 

seams:  between states 1 and 2, and between states 2 and 3.   Following these seams can 

lead to photophysically important two-state ci and help give a more comprehensive 

picture of the PESs which determine the decay mechanism of photoexcited species, and 

this will be illustrated for cytosine in this thesis. 
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1.2.7 Analysis of the Derivative Coupling 

As was outlined above, the derivative coupling fIJ is singular at a ci between 

adiabatic states e
IΨ and e

JΨ , but depending on the proximity of the two states, it can 

become very large in regions somewhat removed from the ci, thus promoting 

nonadiabatic transitions at molecular geometries in portions of the photophysical 

pathways to ci that have not yet reached it.  It will be demonstrated in this thesis that 

while the location and energetic comparison of ci that channel excited state population to 

the ground state support the radiationless decay mechanism of cytosine, and fluorescence 

in the case of its analog 5M2P, based purely on the differences of the topologies of the 

excited state PESs of the two compounds, the actual magnitude of f in the important PES 

regions of these two bases is much greater for cytosine than 5M2P.  This is independent 

of the overall topological differences of the excited state PESs of the two bases, and will 

further theoretically demonstrate radiationless decay for this DNA base.11   

The singularity itself of fIJ at an I-J ci, however, can be used as a diagnostic for 

the existence of a ci.12,41,47,66-68  Consider a circular loop in the branching plane of a two-

state ci between adiabatic states I and J, centered at the ci, with radius ρ and angle θ, as 

transformed polar coordinates from equations (1.29) and (1.30), where cosx ρ θ=  and 

siny ρ θ= .  Let ( )IJ
θf R  be the projection of fIJ on the θ-component at some ρ and θ. 

( )IJ
θf R  will also be singular at the ci centered in the loop, and thus the line integral 

( )IJ dθ θ� f R� taken over the entire loop will give a value of π, its residue, while a similar 

loop which does not contain a ci will yield a value for this line integral of zero, since it 
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does not contain a singularity in ( )IJ
θf R .  Such an analysis has been carried out for the ci 

in pyrazolyl by Schuurman and Yarkony,66-68 and also, as will be presented in this thesis, 

for select ci in cytosine.12   

In addition to this effect of the singularity of f at a ci within a loop, the actual 

form of the function ( )IJ
θf R  around the loop can be used to further describe the 

topography of the ci.  To the first-order Taylor expansion described above, the ci is a 

linear double cone, with branching coordinates g and h defined in equations (1.27) and 

(1.28).  Yarkony69 has shown that this linear double-cone approximation leads to an 

analytical form for IJ
θf  along the loop, An ( )IJ

θf R , given as  

 ( )
An

2 2 2
( )

2 cos sinIJ

gh
g h

θ

θ θ
=

+
f R , (1.46) 

 
where  and IJ IJg h= =g h .  Thus, by comparing calculated values of IJ

θf  from ab initio 

to values from this expression, the extent of linearity of the ci topology can be determined 

in regions around the ci.  This has been done with pyrazolyl,66-68 and this thesis will 

present similar analyses for select ci in cytosine.12 

 

1.2.8 The Geometric Phase Effect 

 One consequence of a conical intersection is on the electronic wave function, 

which will reverse its sign upon traversing completely around a ci.  This is the geometric 

phase effect, and was first presented by Longuet-Higgins and Herzberg.70,71  It is also 

commonly referred to as the Berry phase.72  This sign change can effect the phase of the 

nonadiabatic coupling, fJI, depending on the particular situation.  This effect was used as 

a diagnostic for the presence of conical intersections before sophisticated computational 
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resources were available for their location and identification.  Descriptions of this phase 

effect has been expanded from two-state degeneracy to n-fold degeneracy by 

Manolopoulos and Child,73 and recently Schuurman and Yarkony have presented detailed 

analysis of geometric phase effects around multiple seams of a three-state conical 

intersection found in the pyrazolyl radical.66-68  A similar analysis of geometric phase 

effects on nonadiabatic coupling has been carried out in select points of a two-state seam 

in cytosine theoretically shown to be involved with the radiationless decay mechanism of 

cytosine, including a more complicated region close to a three-state ci in cytosine,12 

involving multiple seams, and will be presented in this thesis.    

 

1.2.9 Quantum Mechanical State Description 

 In order to describe the mixed character intrinsic to excited electronic states, 

including distorted molecular conformations along PESs removed from the FC region, 

and regions where states approach or cross one another, the electronic structure method 

must be of mixed, or multi-configuration, character.  This is partly because the MOs 

acting as the basis must be optimized to best describe multiple electronic states, rather 

than just one.  Single-reference methods,74 such as CIS, are based on the single ground 

state Slater determinant, which is obtained from a Hartree-Fock calculation, a method 

that is only able to describe GS occupied MOs correctly, with the empty anti-bonding 

orbitals poorly described, since HF is an exclusively GS method.  Within the variational 

framework, multiconfiguration self-consistent field (MCSCF) is a method capable of 

optimizing MOs involved in excited states in a self-consistent way which best describe 

either a single state or multiple states, by variationally minimizing the average energies of 
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the set of states of interest.  Another method that can variationally introduce more 

electron correlation than MCSCF is multi-reference configuration interaction (MRCI).  

An excellent book for learning the basics of these and other electronic structure methods 

is Szabo and Ostlund, Modern Quantum Chemistry.75  Indeed, any student of electronic 

structure would be well advised to study this book in detail.  The fundamentals of these 

two electronic structure methods will be presented here. 

1.2.9.1 MCSCF 

 Typically, and in the case of research presented here, the molecular orbitalsϕ  are 

one-electron functions, as linear combinations of atomic orbital Gaussian functions, χ , 

 i
i m m

m

bϕ χ=�  (1.47) 

and can be obtained from a HF or previous MCSCF calculation.   A set of MOs are 

chosen which dominantly describe the states of interest, called the active set or active 

space.  For example, if an excited state under consideration is a ��* state, then the active 

set should include as many � and �* MOs as possible.  If states of interest involve 

excitation from lone pairs (LP) to �* orbitals, called n�* states, where the n stands for a 

“non-bonding” MO, then these LPs should also be included in the active space.  In 

cytosine, for instance, two of the low-lying excited singlet states involve excitation from 

the carbonyl oxygen LP (nO) and one of the nitrogen LPs (nN) to a �* MO, with the states 

given as nO�* and nN�*, respectively.  If those two states are to be included in the 

MCSCF calculation, then those two LP MOs should be included in the active set.  The 

wave function expansion generally then includes, for a singlet state calculation, all 

possible singlet determinants possible, an FCI, within the active set of MOs.  The states 

under consideration are then optimized variationally in the basis of these determinants.  
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In addition, the active set MOs themselves, which are generally linear combinations of 

Gaussian one-electron atomic orbital basis functions, are also optimized to best describe 

the collect of states of interest.  The MOs in the active space in this type of expansion are 

called the complete active space (CAS), and an MCSCF calculation using this is often 

called a complete active space self-consistent field (CASSCF) calculation.  If a CAS 

contains n number of electrons in m MOs, then this CAS is referred to as an (n,m) CAS.  

For example, most of the active space calculations done on singlet cytosine in the 

research presented here utilized an active space of four � MOs, three �* MOs, an nO MO 

and a nN  MO, totaling nine MOs, containing a total of twelve electrons, and thus this is a 

(12,9) CAS.  It can be shown that this CAS gives 2520 possibilities of electron 

configurations, ψ , called configuration state functions (CSFs), which are symmetry-

adapted linear combinations of  Slater determinants, and are eigenfunctions of  the square 

of the angular momentum operator, 2L̂ , and the square of the spin operator, 2Ŝ .    The Ith  

electronic state, e
IΨ , is then a linear combination of the CSFs generated from the CAS, 

 
1

( ) ( ) ( )
CSFN

e I
I i i

i

c ψ
=

Ψ = �r;R R r;R , (1.48) 

where r and R are the electronic and nuclear coordinates, respectively.  The MCSCF 

states are found by solving the SE in the basis of CSFs,  

 ( ) ( ) ( ) 0e e e
I IH E� 	− Ψ =
 �r, R R r, R  (1.49) 

which also yields the coefficients, I
ic , as well as optimizing the AO coefficients, bm, self-

consistently, such that the set of MOs obtained best describe the average of the states of 

interest.  The expansion over CSFs generated from the CAS introduces a degree of 

electron correlation to the state description, often called static or nondynamical 



 34 

correlation, necessary for better describing states of degeneracy or near-degeneracy.76  

Analytical gradients at the MCSCF level have been implemented in GAUSSIAN 03,77 

GAMESS78 and COLUMBUS59, the primary packages used in the research presented 

here.  This allows for exploration of PESs of excited states in regions removed from the 

FC region.  While this is certainly useful, more electron correlation than the 

nondynamical sort is generally required for accurate excited state descriptions, especially 

in the case of aromatic and other systems containing extended �-conjugation, and for this 

MRCI offers considerable improvement and other benefits. 

1.2.9.2  MRCI 

 Borden and Davidson79 have shown that in order to describe aromatic excited 

states accurately, the wave function expansion should include excited state configurations 

that involve excitation from MOs which are typically inactive in a MCSCF calculations, 

such as � and core MOs, in order to better describe bond length changes on excited state 

PESs.  This adds a significant amount of electron correlation to the state description, and 

is referred to as dynamical correlation.  Technically, dynamical correlation energy is the 

correlation energy of a FCI calculation minus the nondynamical correlation energy of the 

same system in the same basis from an MCSCF calculation.76  Thus the wave function 

expansion must also include excitations to the MOs which are always empty in an 

MCSCF calculation, termed virtual orbitals.    

In configuration interaction singles (CIS), where the HF ground state determinant 

serves as the single reference to generate one-electron excitations from in the CIS 

expansion, there is no excited state configuration which mixes strongly with the HF 

reference configuration (Brillioun’s Theorem75).  Thus, excited states at the CIS level 
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often display grossly inflated energies.  While MCSCF does partially solve this problem 

in a multireference framework, by allowing multiple-excitation configurations within the 

CAS into the expansion, the inclusion of excitation configurations involving the virtuals 

is generally not part of the method.  MRCI is a method that allows such an inclusion in a 

relatively inexpensive way.   

 A typical MRCI calculation starts with an MCSCF calculation to generate an 

optimized MO set, as well as the set of CSFs generated from the CAS.  These CSFs then 

become references, wherein each reference CSF is expanded additionally by allowing 

excitations from the reference into the virtual MOs.  Generally, and in the case of the 

research presented here, this additional expansion is truncated to one- or two-electron 

excitation CSFs from the CAS into the virtuals.  The expansion can also include one-

electron excitations from the � MOs into the virtuals, the importance of which was 

outlined above.79  Such an expansion will dramatically increase the number of CSFs, 

especially if both one- and two-electron excitations from the CAS are included, which in 

the case of the nucleobases described here, can be well above 100M CSFs.  Then, in a 

similar way as in MCSCF, the SE is solved in the basis of the CSFs.  However, and 

unlike MCSCF, the MOs themselves are not further optimized, rather they are unchanged 

from the MCSCF calculation.  This allows the MRCI calculation, which now includes 

significant dynamical correlation, to be much more computationally manageable, and the 

additional dynamical correlation compensates for the fact that virtual MOs at the MCSCF 

level are not optimally described.  MRCI is implemented in COLUMBUS, and includes 

analytical gradients and ci searches at the MRCI level for up degeneracies up to three-

states.59,60,80-82 
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1.2.10 Solvent Effects on Photophysical Properties 

 Since DNA is natively in an aqueous environment, it is of interest to attempt to 

intelligently simulate such an environment computationally.  Given the importance of 

using high level of ab initio methods for the gas phases systems, and the important 

structural and energetic details that had been elucidated,10-12,14 it is important to conserve 

as much of that high level as possible.  Inclusion of many explicit water molecules into 

an MCSCF or MRCI calculation, however, is very expensive computationally, and would 

require thousands of such calculations to model the average solvation interactions of the 

waters with the solute accurately.  While classical molecular dynamics (MD) can do a 

reasonable job of modeling the average interactions of a solute surrounded by many 

solvent molecules, as well as give specific information on solvent structure, such as 

hydrogen bonding, MD is a strictly classical method based on force field parameters 

generally derived for ground state species, and thus cannot model the quantum 

mechanical nature of excitation, let alone the photophysical processes that can take place 

after excitation, which are also of primary focus here.  Clearly, in order to fully compare 

the effects of the addition of water with the gas phase calculations presented, the central 

method of a solution-based QM calculation should be at least at the MCSCF level, and 

preferably at the MRCI level.  Two ways that water can influence the photophysics of the 

nucleobases are of interest:  solvatochromic effects on absorption energies, specifically in 

this thesis with respect to cytosine and uracil,15 and solvent effects on the topology of the 

important excited state PESs in regions removed from FC, specifically the photophysical 

pathways of cytosine in this thesis.16  With respect to studying solvent effects on 

absorption, the model must be able to reproduce the electronic changes that occur as a 
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result of solvation of the ground state solute, the species that absorbs the photon.  With 

respect to studying solvent effects on the topology of excited state PESs, the model 

should take into account the possibility of solvent reorganization as it responds to the 

electronic changes of the solute after excitation, but it should also take into account that 

given the rapid decay displayed by the DNA bases, this solvent reorganization may well 

be slow on the timescale of the decay.  It will be shown in this thesis that all these factors 

have been addressed and modeled appropriately. 

Two different theoretical methods were used in this thesis to study solvent effects.  

An MRCI quantum mechanical/molecular mechanics approach (MRCI-QM/MM) based 

on the work of Aguilar et al,83-85 was used to study both absorption energies of uracil and 

cytosine, as well as effects on the photophysical pathways of cytosine.  Additionally, a 

new formulation of MCSCF called fragment molecular orbital MCSCF (FMO-MCSCF), 

developed by Fedorov and Kitaura,86,87 was also used to study solvent effects on 

absorption energies of cytosine and uracil.  The FMO-MCSCF method is capable of 

describing both the solvent and solute quantum mechanically without the large expense 

of describing the entire solvent-solute system with a single electronic structure 

calculation.   The theoretical details of the MRCI-QM/MM method used in this thesis 

will be presented here.  The theoretical details of FMO-MCSCF are presented in Chapter 

6. 

1.2.10.1 MRCI-QM/MM   

The MRCI-QM/MM approach taken here is a mean field method, where the goal 

is to calculate the electronic structure of the solute, including the ground and low-lying 

excited states, using MRCI methods which were used for the gas phase studies, with the 
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solute surrounded by a set of point charges which duplicate the average solvent 

electrostatic potential (ASEP).83-85  The ASEP is generated from an MD trajectory of the 

solute surrounded by waters.  The partial charges on the solute for use in the MD are 

derived from a procedure that calculates partial charges centered on the nuclei from an 

electrostatic potential on a grid (CHELPG), by Chirlian and Francl.88  The details of the 

CHELPG, MD and ASEP methods used in this thesis will be presented here.  

1.2.10.2 CHELPG   

In order to use MD to simulate water solvation of an electronic state of a solute, 

partial atomic charges can be applied to the solute that mimic that electronic state, with 

solvent in the MD trajectory then interacting classically with those charges.  The 

fundamentals of the CHELPG charge-fitting method, which was used to obtain these 

solute charges, are presented here, starting with the ground electronic state.  The 

electrostatic potential, V, for the ground state of a molecule is obtained from a standard 

ab initio electronic structure calculation that gives the electronic density matrix, P, for the 

state, in the basis of atomic orbital functions, ϕ.  In this case, the state is the restricted 

Hartree-Fock (RHF) ground state determinant for cytosine or uracil.  The electrostatic 

potential, Vi, at some position ri, as a point i on a grid surrounding the van der Waals 

(vdW) cavity of the solute base, is given as 

 
,

( ) A
i i

A i A i

Z
V r P dr

r R r r
µ ν

µν
µ ν

ϕ ϕ
′= −

′− −� � �  (1.50) 

where ZA is the nuclear charge on atom A centered at RA, Pµν is the density matrix 

element from the RHF calculation, ϕµ, ϕυ  are the one-electron atomic orbital basis 

functions, and r’ are the electronic coordinates.  In general, in a grid of m points, and a 
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solute molecule with n atoms, the partial charges qi are obtained by a least squares fit that 

minimizes y, such that 

 [ ]2
1 2 1 2

1

( , , ) ( , , )
m

n i i n
i

y q q q V E q q q
=

= −�� �  (1.51) 

where Vi is given in equation (1.50), and Ei is the electrostatic potential in the monopole 

approximation, given as 
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The minimum of y is found by obtaining the stationary points of the Lagrangian z, given 

as 

 1 2 1 2 1 2( , , ) ( , , ) ( , , )n n nz q q q y q q q g q q qλ= +� � �  (1.53) 

where � is the Lagrangian multiplier associated with the constraint function g, where the 

constraint here is the requirement that the sum of the partial atomic charges q must be the 

total charge of the solute molecule, qtot, in this case zero, so 

 1 2( , , ) 0
n

n i tot
i

g q q q q q= − =��  (1.54) 

The extrema of z are found by solving  

 0 and 0
k

z z
qλ

∂ ∂= =
∂ ∂

, (1.55) 

which gives n + 1 equations with n + 1 unknowns, and the solution to the corresponding 

matrix gives the charges, centered on the solute nuclei.  By calculating the dipole of the 

solute base from these charges and the nuclei positions and center of mass, and 

comparing this to the dipole calculated from the electronic structure calculation, the 

charges can be checked for accuracy.    
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The CHELPG method can be used to obtain reasonable atomic charges for either 

ground or excited states of a molecule, as long as the state-specific densities for states of 

interest can be obtained from the gas-phase electronic structure calculation.   This allows 

one to simulate how water solvates particular states of interest with an MD trajectory.   In 

the case of solvent effects on absorption energies, as presented in Chapter 6, the 

CHELPG charges for cytosine and uracil were derived from the ground state densities.  

In the case of solvent effects on the photophysical pathways of cytosine, presented in 

Chapter 7, the atomic charges were derived from either the excited state MRCI densities 

of select S1 geometries along the pathways, or else the ground state density.  It will be 

shown that by comparing the results of these two solute charge scenarios, information 

about the influence of solvent reorganization on the photophysical pathways of the solute 

can be obtained. 

1.2.10.3  Molecular Dynamics   

Molecular dynamics is a classical method which solves Newton’s equations of 

motion for molecules using a “force field”, a parametrized set of potential energy 

functions generally fit to describe bond stretches, angles and dihedral angles changing, 

electrostatics and vdW interactions.  In the studies presented in this thesis the molecules 

are rigid bodies, with only electrostatic and vdW interactions between molecules present.  

The vdW interactions are a Lennard-Jones potential, given as 
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where N and M are the indices of solute and water atoms, σij and ijε are pairwise 

parameters specific to atom types i and j, in Å and kcal/mol, respectively, and rij is the 

distance between atoms i and j.  The electrostatic interactions are of Coulomb type, given 

as 

 
N M

i j
electrostatic

i j ij

q q
V

r
=��  (1.57) 

where qi is the charge on atom i, and the indices are defined the same as the VLJ potential.  

Further technical and parametric details of the MD used in this thesis are given in 

Chapters 6 and 7.15,16   

1.2.10.4 ASEP   

For each MD configuration selected from a trajectory, the electrostatic potential 

from the solvent atom point charges on a grid of points placed inside the vdW cavity of 

the solute base is calculated.  The potential at each solute grid point is averaged over all 

selected configurations of the MD trajectory.  Similar to the CHELPG method described 

above, the average solvent potential on solute-cavity grid is then fitted with a least 

squares procedure to partial charges, qi, on grid points, ri, which fill the solvent volume 

and match the average electrostatic potential of  the solvent on the solute cavity.89  The 

ASEP due to the average solvent structure is now a set of charges on a grid, and it is now 

possible to do a QM electronic structure calculation on the solute molecule as influenced 

by this mean solvent electrostatic potential.   This ASEP acts as a perturbation to the 

electronic Hamiltonian, given as 

 0H H V= +  (1.58) 
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where H0 is the gas-phase Hamiltonian, and V is the same electrostatic potential between 

the nuclear charges and electron density of the solute with the solvent grid charges as 

given in equation (1.50).  For the QM/MM studies presented in this thesis, the electronic 

structure calculation uses the MRCI Hamiltonian perturbed with the solvent ASEP.  It 

will be shown that this QM/MM method is an effective and flexible way to include 

solvent in high-level ab initio studies of photophysical properties, and to analyze specific 

solute-solvent interactions and their effects on both absorption and decay mechanisms, 

including the possible influence of solvent reorganization on excited states. 

  

1.3  A Brief Description of the Research by Chapter 

 The research in this thesis is presented as six publications by Kurt A. Kistler and 

Spiridoula Matsika, with each publication reprinted with publisher permission in its 

entirety as a separate chapter, modified only in terms of the formatting requirements for 

this thesis.   Supporting information corresponding to these publications is included in the 

appendices.   

 
Chapter 2 

 The goal of this study10 is to theoretically show that the cytosine analog, 5-

methyl-2-pyrimidinone (5M2P), which displays fluorescence experimentally, but is 

structurally similar to cytosine, has an excited state PES topology that would promotes 

fluorescence.  Stationary points and several conical intersections on three excited states 

were located at the MRCI level.  It is shown that indeed the theoretical picture supports a 

fluorescence decay mechanism, even with multiple conical intersections present, 

implying that fluorescence does not necessarily indicate a lack of conical intersections. 
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Chapter 3 

In this study,11 a similar theoretical analysis of the excited PESs of cytosine is 

carried out at the MRCI level.  Two ci channels for radiationless decay are located, as 

well as stationary points on the excited state PESs and several additional ci between 

excited state PESs.  The radiationless decay channels are connected to each other and 

excited state stationary points by minimum energy pathways, providing the most 

complete picture of cytosine’s excited PESs to date.  In addition, it is noted that each 

important point located in cytosine corresponds to a similar point in 5M2P, both 

energetically and in terms of ring distortions.  It is concluded that the difference in 

photophysical behaviors of these two similar systems is from subtle energetic differences 

in the PESs of the two bases. 

 

Chapter 4 

 The reasons for the photophysical differences between cytosine and the 

fluorescent 5M2P are probed.  Initial excitation energy differences of the two systems 

appears to play a large part, as cytosine has more vibrational momentum to reach decay 

channels than 5M2P.  A study14 of substituent effects on the 2-pyrimidinone (2P) ring 

system is carried out at the MRCI level for a large number of 2P derivatives with electron 

donating, electron withdrawing, and conjugation extending groups at the two ring 

positions, C4 and C5, with cytosine being 4-amino-2-pyrimidinone.  A simple Frontier 

Molecular Orbital description of the derivatives predicts the general trend of  absorption 

energies well, as does the Hammett90 organic chemistry kinetics parameter �p
+.  It is 
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concluded that the presence, position and orientation of the amino group in cytosine is 

central to its photostability, in addition to its ability to base-pair with guanine in DNA.   

 

Chapter 5 

 In this study,12 three different three-state ci are located at the MRCI level in both 

cytosine and 5M2P.  Again, the conformational distortions and character of these ci are 

very similar between the two bases, as are the energies of the ci, implying that there is an 

underlying “language” of the PESs for these 2P ring systems.  For cytosine, these ci are 

connected to previously located two-state ci and the ground state, providing the most 

comprehensive picture of cytosine’s PESs to date.  Two of these three-state ci have 

energies that imply they may influence the photophysics.  Nonadiabatic coupling and 

geometric phase studies are carried out on a two-state seam known to be involved with 

the radiationless decay at several seam points both close to and far removed from a three-

state ci.  A striking picture of the PESs close to a three-state ci, where three states begin 

to converge, emerges from the MRCI results.   

 

Chapter 6 

 In this study,15 solvation effects on the absorption energies of aqueous cytosine 

and uracil are studied with MRCI-QM/MM and FMO-MCSCF, by comparing to previous 

gas phase calculations at the same level of electronic structure theory.  Solvent shifts 

using the two methods agree well with each other, with other higher level ab initio 

methods, and, in the case of uracil, with experimental data.  These results are compared 

to a polarizable continuum solvent model (PCM), and it is concluded that continuum 
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models are a poor choice for simulating the effects of solvent, where hydrogen bonding 

of such polar systems plays an important part in the solvent effects.   

 

Chapter 7 

 In this study,16 MRCI-QM/MM is used to study the effects of an aqueous 

environment on the photophysical pathways of cytosine, as compared to the previously 

calculated gas phase results, which are detailed in chapter 3.  Two scenarios of solvent 

interaction are investigated.  In one scenario the water is allowed to interact with the 

excited state charge density of the cytosine at each of the important cytosine conformers 

along the photophysical pathways, simulating full solvent reorganization with cytosine’s 

excited state electronic character along the pathways.  In the other scenario the water 

interacts with the same excited state conformers, but the density is of the ground state, 

simulating little solvent reorganization with excited state character along the pathways.  

While neither scenario is likely to be a correct description of the solvation interactions, 

they are extrema, with the correct picture being somewhere in between.  None the less, it 

is shown that the solvent effect on the overall decay mechanism is small for each 

scenario, with neither of the two decay channels being significantly blocked, nor 

enhanced.   
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THE FLUORESCENCE MECHANISM OF 5-METHYL-2-

PYRIMIDINONE:  AN AB INITIO STUDY OF A FLUORESCENT 
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Abstract 

The photophysically important potential energy surfaces of the fluorescent 

pyrimidine analog 5-methyl-2-pyrimidinone have been explored using multi-reference 

configuration-interaction ab initio methods at three levels of dynamical correlation, all of 

which support a fluorescence mechanism.  At vertical excitation S1 (dark, nNπ*) and S2 

(bright, ππ*) are almost degenerate at 4.4 eV, with S3 (dark, nOπ*) at 5.1 eV.   The 

excited system can follow the S1-S2 seam of conical intersections, accessible from the 

Franck-Condon region, to its minimum, and then evolve from this conical intersection on 

the S1 (ππ*) surface to a global minimum.  At lower levels of correlation, the S1 surface 

shows two minima separated by a barrier of up to 0.18 eV.  The secondary minimum 

found at the lower levels of correlation becomes the global minimum with higher 

correlation.  The S1 population at this minimum can be trapped from accessing the lowest 

energy S0-S1 (ππ*/gs) conical intersection by an energy gap at least 0.3 - 0.4 eV higher 

than the S1 minimum.  The calculated emission energy from this minimum is 2.80 eV.  

Gradient pathways connecting important S1 geometries are presented, as well as other 

excited state conical intersections. 
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2.1  Introduction 

In recent years, interest in the photophysical behavior of the DNA and RNA 

bases, and their nucleotides and nucleosides, has lead to a field rich in both theoretical 

and experimental investigations.7  The non-fluorescent behavior of photoexcited DNA 

and RNA bases is well known experimentally, with exhibited gas-phase and solution-

phase fluorescence lifetimes on the order of 1 picosecond or less.  In order to more easily 

probe DNA strand conformational dynamics with spectroscopic techniques, a host of 

fluorescent DNA base analogs91 have been created, all with structures and functionalities 

similar to the nucleotides (so to mimic many of their properties), but generally with much 

longer fluorescence lifetimes.   Theoretical investigations into the structural and 

electronic differences and similarities between these fluorescent analogs and the non-

fluorescent DNA/RNA bases that they mimic could shed considerable light on the 

molecular properties that contribute to the vital ability of excited DNA/RNA bases to 

decay radiationlessly.    

Understanding the photophysical behavior of an excited molecule requires 

accurate mapping of the potential energy surfaces, especially the singlet S1 surface.  

Kasha’s Rule92 states that fluorescence will most likely originate from a population 

trapped on this surface.  Ultra-fast relaxation from the S1 state, on the other hand, occurs 

through energetically accessible conical intersections (ci) with the ground state.93  Thus, 

for a fluorescing system, an S1 minimum must be present, and any intersections of this 

surface with the ground state S0 surface must be difficult to access due to a substantial 

energy barrier, be too high in energy to be easily accessed, or not be present at all.  At 

least one of these criteria must be present for fluorescence to occur.  If the excited S1 
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population can easily access an intersection with the S0 surface, then the system can relax 

in an ultra-fast radiationless pathway through this intersection to the ground state.   

Recent investigations suggest that this is the case of the DNA/RNA bases, which 

experimentally exhibit very short fluorescence lifetimes and extremely low fluorescence 

quantum yields upon excitation.7  Theoretically, uracil94-96 has been shown to undergo 

ultra-fast relaxation from the bright excited state to the ground state by an energetically 

favored pathway to a conical intersection between the S1 state and the S0 state, thus 

undergoing a non-adiabatic, radiationless relaxation, and dissipating the absorbed energy 

in the form of heat (vibrationally energy) to the surroundings.  Likewise, the 

photophysical behavior of cytosine has been investigated theoretically by several 

groups.97-100  It has been calculated to have a conical intersection between the S1 ππ* and 

ground state surfaces that is at the same energy as the minimum found on the S1 

surface,97  and separated only by a barrier of about 8 kJ/mol, which is low enough to be 

overcome easily by a vibrationally excited bright population on S1.  Several groups have 

theoretically investigated the nonradiative decay mechanisms for electronically excited 

adenine,101-106 including a recent proposal that the energy surfaces of this base contain 

three-state conical intersections63 that may be involved in its ultra-fast relaxation.13  

Cytosine also has been proposed to contain a three-state conical intersection.107  The 

photophysics of the guanine-cytosine base pair has also been studied with theoretical 

methods.108 

It is the structural and functional similarities and differences between the 

fluorescent nucleotide analogs and the DNA/RNA bases they mimic that are of central 

interest to us, especially in terms of electronic structure and topology of the S1 surface 
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and the location of intersections with the ground state. While the photophysical properties 

of the purine and pyrimidine bases of DNA and RNA have been investigated with a 

variety of theoretical methods, similar studies of the fluorescent base analogs are 

currently limited.  The electronically excited states of 2-aminopurine (2-AP), an 

experimentally popular fluorescent adenine analog, have been calculated using Austin 

Model (AM), configuration-interaction singles (CIS) and complete active space self-

consistent field (CASSCF) ,102 CASSCF and multi-configuration quasi-degenerate 

perturbation theory (MCQDPT),109 time-dependent density functional theory 

(TDDFT)101,110 and density functional theory (DFT)/multireference configuration-

interaction (MRCI),111 including the location of the important S0–S1 conical intersection, 

the relative energetic position of which is crucial to predicting whether the molecule will 

fluoresce or relax radiationlessly after electronic excitation.  This base was shown to have 

an intersection between the bright S1 ��* and S0 surfaces, but the energy gap between the 

S1 minimum and the conical intersection was large enough to support some vibronic 

levels on the S1 surface, thus explaining the different photophysical properties of 2-AP 

compared with adenine.111  In addition, CIS and TDDFT were recently used to study a 

new bicyclic fluorescent cytosine analog, pyrrolocytosine.112 

It should be noted that the existence of conical intersections by no means 

necessitates radiationless decay, as was shown in the case of 2-AP.111  In this case, a 

conical intersection between the S1 and the ground state surfaces was present, but it was 

too high in energy compared to the S1 minimum.  In addition, these calculations on 2-AP 

pointed to the presence of conical intersections between excited state surfaces.  Clearly, 

even if a molecule exhibits fluorescence, conical intersections between higher singlet 
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states and S1 can be present and function to funnel populations of higher energy states 

onto S1, regardless of the ultimate fate of the population on that surface.     

The pyrimidine analog 2-pyrimidinone as the ribonucleoside, zebularine, is 

currently showing promise as a chemotherapy agent for bladder cancer by acting as a 

DNA methyltransferase inhibitor and is at present in Phase II clinical trails.113,114  5-

Methyl-2-pyrimidinone (5M2P) ribonucleoside also has similar bioactivity, and, with the 

ribonucleoside of 6-thioguanine, it has been investigated and patented115 as an artificial 

base pair.116,117  Our interest in 5M2P is towards its more fundamental photophysical 

properties.  The base is mildly fluorescent with an emission maximum wavelength of 

about 380 nm, and it has been used as a pyrimidine probe to investigate DNA 

conformational kinetics, as its fluorescence is quenched by vicinal interactions with other 

bases.118 Wu et al.119 determined experimentally that the free base in aqueous solution 

exhibits a single-exponential fluorescence decay component with a lifetime of about 4 ns.  

They also measured a fluorescence lifetime for 1-(�-d-2'-deoxyribosyl)-5-methyl-2-

pyrimidinone in the range of 278–573 ps in deoxyribosyl (d)-decamers of normal DNA 

bases using time-resolved fluorescence studies of melting temperatures.  Currently little 

else is known about the photophysical details of 5M2P, either theoretically or 

experimentally, such as transition or static state dipoles, oscillator strengths or 

geometrical changes that occur upon excitation with UV light.  The fluorescent nature, 

along with its structural and functional similarities to the DNA/RNA pyrimidines, 

especially cytosine, will be the center of focus for this study. 

Although a complete theoretical picture of how 5M2P behaves in a biological 

setting when excited by UV light, in comparison with the nucleotides, must at least 
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include simulated solvent and base–base interactions, we present here a detailed analysis 

of 5M2P as the gas-phase free base.  Our goal is to be as accurate as possible for the 

isolated base, in order to understand its intrinsic properties apart from any of the external 

influences from a solution or biological environment.  In addition, this study will only 

consider singlet states.  In the nucleotides, theoretical studies of photophysical behavior 

tend to focus primarily on singlet states, as the ultrafast radiationless singlet decay to the 

ground state is far too rapid to produce more than a negligible triplet quantum yield.7 

Some theoretical studies of the triplet states of DNA bases have been reported.120-122 

In this paper, the methods used to study 5M2P will be presented in Section 2.2, 

including the theoretical treatments, software used and hardware.  Then, in Section 2.3, 

results will be discussed, first with respect to vertical excitation data, then stationary 

points on the first four singlet-state adiabatic surfaces, including minima and saddle 

points.  In this section conical intersections will also be itemized.  Pathways connecting 

geometries important to the photophysics of 5M2P will be presented in Section 2.3.4, and 

finally we will conclude and summarize in Section 2.4.  

 

2.2  Methods 

The basis sets for all atoms were the double-ζ plus polarization (cc-pvdz) 

Gaussian basis sets of Dunning.123  5M2P has 58 electrons in total, with 8 heavy atoms 

(N, O and C), and 6 hydrogens.  All calculations were carried out with no symmetry 

restrictions.  Molecular orbitals were obtained from a state-averaged multi-configuration 

self-consistent field (SA-MCSCF) procedure for the first four singlet states, unless 

otherwise specified.  The five lowest singlet states arise from excitations of π, nN and nO 
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electrons to π∗ orbitals, and so the complete active set of orbitals (CAS) was chosen to be 

7 π, 1 nN, and 1 nO, with a total of 12 electrons in 9 active orbitals.  We denote this 

arrangement as (12, 9). In general, (n, m) denotes n electrons in m active orbitals.  The 

CASSCF calculation generated 2520 reference configurations from this active space, 

which was used for all subsequent multi-reference configuration-interaction (MRCI) 

calculations presented here.  

  Three different MRCI expansions were used for calculations. MRCI1 included 

only single excitation configuration state functions (CSFs) generated from the CAS 

orbitals, with the core 1s, � orbitals and one oxygen lone-pair remaining always frozen. 

This low-level expansion contained 667 800 CSFs and was used for single point 

calculations, as well as location of stationary points124 and conical intersection 

searches.60,61  The next expansion, labeled MRCI��1, incorporated dynamical correlation 

of the � electrons with the � and nonbond electrons.  Borden and Davidson79 showed that 

dynamical correlation of core and active electrons was important in describing the excited 

states of organic �-systems.  Studies on aromatic and planar heteroatom systems that 

incorporate dynamical correlation with perturbation have supported this assertion,125-128 

and it has been further shown that inclusion of dynamical correlation is important when 

studying the electronic structure and excited states of the nucleobases.13,94,97,129-131  For 

the MRCI��1 expansion, only single excitation CSFs were included in the expansion, but 

the inclusion of excitations from the 14 � orbitals and the second oxygen lone-pair gave 

approximately 10.5 million CSFs. 1s core orbitals were maintained as frozen.  This 

expansion was used to refine MRCI1 single points, and for more accurate optimization of 

geometries, such as important state minima, saddle points and conical intersections.  It 
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was also used to get a relatively inexpensive idea of how dynamical correlation affects 

the energies of geometries out of equilibrium, in transitional regions between equilibrated 

geometries.  The third expansion used, labeled MRCI��2, includes single excitations 

from the � electrons and one oxygen lone-pair, plus single and double excitations from 

the CAS orbitals into the virtual orbitals.  Double excitations dramatically increase the 

number of configurations in the expansion, with MRCI��2 for this molecule having over 

130 million CSFs.  Including double excitations from the � orbitals as well as the CAS 

would be more accurate than an expansion including only single excitations, but for this 

molecule this would produce an expansion prohibitively large for current computers, and 

so this was not performed.  Indeed, with present computing power, MRCI��2 single 

points take about 30 days to converge the first four roots, and so this expansion was only 

used for single point calculations of important geometries, which were generally 

gradient-optimized at the MRCI��1 level, and often only the first two states were 

allowed to converge, as our main focus was on the topology of the S1 fluorescing state 

surface.  Optimizing geometries at the MRCI��2 level was too computationally 

expensive, and was not necessary, so was not performed. 

Linear interpolation (LI) between important geometries was performed in order to 

quickly give qualitative information about state surface crossings and possible minima 

and barriers between equilibrated geometries.  Calculations presented in this paper did 

not result in rotation or translation of 5M2P, only distortion while maintaining the 

relative orientation as constant.  The difference between the Cartesian coordinates of two 

geometries of interest was calculated, and several geometries were generated by adding 

this difference times a scaling factor, d, from 0 to 1.  That is, if we let ∆∆∆∆R = R2 – R1, then 
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each point generated will have the geometry [R1 + d∆∆∆∆R], where d varies from 0 to 1, with 

d = 0 being R1, and d = 1 being R2.  Then 5-state single point MRCI1 or MRCIσ�1 

calculations were carried out on the generated geometries, and the energies plotted as a 

function of the scaling factor d.  This gives the energy profile for a molecular change 

corresponding to a single concerted motion of all atoms linearly between two geometries 

(It should be noted, however, that such a profile is not necessarily indicative of actual 

gradient pathways).   The geometries generated along the linear interpolation path can 

then act as launching points for searches of gradient minima and barriers.  

The software used for all calculations was a modified version of the COLUMBUS 

Quantum Chemistry Program Suite, which includes algorithms for locating two- and 

three-state conical intersections.59-61,80,132 The algorithms use analytic gradients for MRCI 

wave functions available in COLUMBUS.81 Molecular visualization and graphical 

rendering was performed with Molden.133 Hardware used was an IBM cluster of dual-

processor Xeon nodes and a Dell N-Series dual-processor Xeon workstation, running 

under RedHat Linux. 

 

2.3 Results and Discussion 

All calculations were performed in the gas phase, with no solvent molecules or solvent 

mimicking continuum considered. Figure 2.1 shows the structure of 5M2P with the 

atomic numbering that will be used throughout this paper. Geometries are denoted by R. 

The equilibrium geometry for the singlet state Sm is denoted as Re(Sm). Optimized 

geometries of conical intersections between states SI and SJ are denoted as Rx(ciIJ). In 

Vertical Excitation Energies, the ground state energy and the first three excited singlet 
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states will be itemized based on the results of the three MRCI expansions described in 

Materials and Methods. Vertical excitation energies, along with their calculated oscillator 

strengths, will be given. Stationary points on the S1 surface will be presented in S1 

Stationary Points, as this surface seems to be the most important in understanding the 

photophysical behavior of 5M2P. In Conical Intersections conical intersections will be 

presented, and in Pathways we will connect many of these points with gradient-directed 

pathways, showing the possible evolution of the system upon photoexcitation. Character 

descriptions of the adiabatic state surfaces using static state dipole moment data will be 

presented in the Supporting Information, section SI-2.1 (Appendix A). 

 

Figure 2.1  5-methyl-2-pyrimidinone structure with numbering and approximate x-, y- and z-

directions for all geometries presented in this chapter. 

 

2.3.1 Vertical Excitation Energies 

The ground state geometry, Re(S0), at the MRCI1 level has Cs symmetry.  Table 

2.1 presents the vertical excitation energies using MRCI1, MRCIσπ1 and 

MRCIσπ2 expansions.  Bond lengths and angles are given in Table 2.2, and static state 

dipole moment and oscillator strength data are given in Supporting Information, Table 

SI-2.1 (Appendix A).  The MRCI1 and MRCIσπ1 energies were obtained at geometries 

of the ground 
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Table 2.1  S0 to S3 energies at three levels of correlation for various geometries of 5M2P.  All 

values are in eV referenced to the S0 of the minimized ground state at the MRCI level indicated.  

MRCIσπ2 energies were calculated on geometries optimized at the MRCIσπ1 level.  † MRCI1 S0 

energy for ground state is -376.76423 Hartree.  �Reference 134.  § MRCIσπ1 S0 energy for ground 

state is -376.90234 Hartree.  �MRCIσπ2 S0 energy for ground state is -377.01369 Hartree. 

MRCI1 results S0 S1 S2 S3 
Re(S0) 0.000� 4.661(nNπ*) 4.671(ππ*) 5.360(nOπ*) 
Rx(ci12)’ 0.532 4.186 4.186 4.737 
Rx(ci12) 1.366 3.825 3.825 5.507 
Rx(ci23) 0.607 4.143 4.342 4.342 
Re(S1)saddle 1.086 3.822 4.017 5.309 
Re(S1)min 1.362 3.722 4.163 5.448 
Re(S1)’saddle 1.125 3.903 4.735 4.969 
Re(S1)’min 1.568 3.850 5.390 6.037 
Re(S1)”saddle 1.747 3.851 5.513 6.215 
Rx(ci01) 3.916 3.916 6.583 6.794 
Rx(ci01)’ 4.092 4.092 6.224 7.166 
Rx(ci01)’’ 4.471 4.471 5.264 7.750 
Rx(ci01)’’’ 6.399 6.400 8.938 9.449 
   Expt Abs. (dil. aq.)�   4.00  
   Expt Em. (dil. aq.)�   3.26   
     
MRCIσσσσππππ1 results S0 S1 S2 S3 
Re(S0) 0.000§ 4.351 4.353 4.905 
Rx(ci12)’ 0.386 4.015 4.015 4.374 
Rx(ci12) 0.880 3.770 3.772 4.941 
Re(S1)saddle 0.831 3.786 3.909 4.935 

Re(S1)min 1.035 3.666 4.050 5.036 

Re(S1)’saddle 0.871 3.789 4.422 4.693 

Re(S1)’min 1.022 3.770 4.943 5.341 

Rx(ci01) 4.083 4.083 6.774 6.844 
     
MRCIσσσσππππ2 results S0 S1 S2 S3 
Re(S0) 0.000� 4.366 4.423 5.072 
Re(S1)min 1.311 4.066 4.419 5.318 
Re(S1)’saddle 0.986 3.983   
Re(S1)’min 1.121 3.921   
Rx(ci01) 4.118 4.317   
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Re(S0) 

MRCIσπ1 
Re(S1)saddle(2°)† 

MRCI1 
Re(S1)min 

MRCIσπ1� 
Re(S1)’min 

MRCIσπ1§ 
Re(S1)’saddle(1°) 

MRCIσπ1 
Re(S1)”saddle(1°) 

MRCI1� 

C5-C6 1.371 1.430 1.409 1.401 1.414 1.394 
C4-C5 1.432 1.380 1.395 1.399 1.397 1.400 
N3-C4 1.309 1.410 1.400 1.384 1.396 1.392 
N3-C2 1.383 1.292 1.290 1.350 1.322 1.373 
N1-C6 1.356 1.363 1.393 1.391 1.375 1.393 
N1-C2 1.397 1.386 1.377 1.409 1.398 1.404 
C2-O8 1.211 1.289 1.302 1.209 1.240 1.192 
C4-C5-C6 114.4 117.6 117.9 116.7 116.6 115.0 
N1-C6-C5 119.7 117.0 116.8 121.8 119.9 122.7 
N3-C4-C5 126.3 123.8 122.1 114.9 117.0 113.2 
C5-C4-H4 118.5 121.4 121.8 126.5 124.5 126.7 
N1-C2-N3 116.3 124.2 125.1 109.7 116.9 107.9 
N3-C2-O8 124.0 124.8 122.1 128.5 124.8 128.2 
N1-C2-O8 119.7 111.0 112.8 121.7 118.2 123.3 
C2-N3-C4 118.9 115.9 115.7 129.6 122.6 124.3 
C2-N1-C6 124.4 121.6 118.7 122.9 120.8 121.9 
C5-C4-C2-N3 0.0 0.0 12.4 44.5 25.7 40.1 
       

 
Rx(ci01) 

MRCIσπ1 
Rx(ci12)’ 
MRCIσπ1 

Rx(ci12) 
MRCIσπ1 

Rx(ci23) 
MRCI1 

Rx(ci01)’ 
MRCI1 

Rx(ci01)” 
MRCI1 

Rx(ci01)’’’ 
MRCI1 

C5-C6 1.433 1.411 1.420 1.386 1.485 1.485 1.452 
C4-C5 1.385 1.398 1.387 1.396 1.394 1.339 1.371 
N3-C4 1.424 1.387 1.402 1.386 1.341 1.468 1.660 
N3-C2 1.401 1.333 1.297 1.321 1.350 1.228 1.290 
N1-C6 1.416 1.377 1.386 1.398 1.353 1.418 1.435 
N1-C2 1.384 1.403 1.374 1.378 1.538 1.346 1.386 
C2-O8 1.207 1.235 1.304 1.251 1.194 1.419 1.214 
C4-C5-C6 111.7 117.5 118.1 117.7 112.3 119.2 125.0 
N1-C6-C5 122.2 119.1 116.8 119.5 109.0 114.3 131.7 
N3-C4-C5 107.1 120.1 123.7 119.6 122.3 121.9 90.3 
C5-C4-H4 128.8 123.5 121.2 124.0 121.0 123.2 146.4 
N1-C2-N3 103.2 115.2 125.2 117.1 116.4 133.2 103.1 
N3-C2-O8 129.6 127.5 122.6 125.3 129.0 122.5 124.4 
N1-C2-O8 127.1 116.3 112.2 117.5 114.5 104.0 132.5 
C2-N3-C4 113.7 123.9 115.5 123.9 119.2 111.3 156.0 
C2-N1-C6 116.7 123.2 120.7 122.2 107.8 116.5 113.9 
C5-C4-C2-N3 66.0 0.0 -0.1 0.0 11.8 16.1 0.8 
 
Table 2.2.  Selected bond lengths, in Å, and angles, in degrees, for stationary points and conical 

intersections of 5M2P.  †Order of saddle points are listed in parentheses after the name.  �Global 

minimum at MRCI1 and MRCIσπ1 level.  §Global minimum at MRCIσπ2.  �No MRCIσπ1 

geometry found for this saddle point. 
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state optimized at the same level.  The MRCIσπ2 calculation was done on the ground 

state geometry optimized at the MRCIσπ1 level. 

S1 is a dark nNπ∗ state, S2 is a bright ππ* state (oscillator strength = 0.092), and S3 

is a dark nOπ* state, as shown by the oscillator strengths given in Table SI-2.1 (Appendix 

A).  What is important here is that for both geometries optimized at the MRCI1 and 

MRCIσπ1 level, the S1 and S2 states are almost degenerate at vertical excitation, that is, 

the nNπ∗/ ππ* seam is essentially immediately accessible at vertical excitation (4.67 eV at 

the MRCI1 level, and 4.35 eV at the MRCIσπ1 level).  The S1 and S2 energies differ by 

0.06 eV at the MRCIσπ2 level, however geometry optimization at this level was not 

carried out for Re(S0), and so this small energy difference could change.   Overall, the 

effect of including increased dynamical correlation is an almost uniform stabilization of 

the vertical excitation energies by about 0.3 eV, relative to the energy of the ground state.  

 To the best of our knowledge, no other theoretical calculations have been 

performed on 5M2P, nor have detailed quantitative experimental photophysical 

measurements, other than a dilute aqueous steady state absorption/emission spectrum of 

the free base,134 and use of time-resolved fluorescence on the aqueous free base and 

oligomers containing the 5M2P deoxynucleoside.119 Data from the spectrum of the 

aqueous free base is included in Table 2.1 for comparison with the caveat that the 

environment for the experimentally determined spectra is very different than the gas-

phase environment we model, and it is possible that solvent effects, concentration effects 

and solubility effects, such as aggregation, all may affect the excitation energies. 

Experimentally, the absorption energy of 5M2P is 4.00 eV,134 as a dilute aqueous solution 

of the free base. While all of our MRCI expansions give absorption energies on the order 
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of 10–15% too high, it is of interest to note that inclusion of dynamical correlation does 

reduce the size of this energy gap. Of course, and as was stated earlier, there is no 

experimental gas-phase data available for this base, either as the free base or the 

nucleotide, and the effect of water solvent on the spectral properties of 5M2P is not 

known. Therefore, while MRCI��2 does give an absorption energy higher than that for 

MRCI��1, without a true experimental comparison, it is unclear whether increasing 

correlation gives a more accurate energy. Similar MRCI expansions in the case of uracil94 

also predict the absorption energy as too high. 

 Comparisons with the vertical excitation energies of the DNA/RNA pyrimidine 

bases are in order. Due to the planarity of the ground state, excitation to the first ��* is 

the transition with the highest oscillator strength for the pyrimidines and for 5M2P. 

However, at vertical excitation from the ground state, this corresponds to the S1 for 

cytosine, with S2 being a nO�*.98,99 This S2, in general, has been calculated with complete 

active space second-order perturbation theory (CASPT2) to be about 0.3 eV higher than 

S1 for cytosine. S3, which is an nN�* state, is about 0.7 eV higher than S1. In uracil, S1 is 

nO�* with the bright ��* state at S2 vertically, 0.5–0.8 eV above S1 and S3 is another 

0.6 eV higher.94,129 By contrast, our calculations (at the MRCI��2 level) show that 5M2P 

has its nN�* and ��* states, S1 and S2, respectively, almost degenerate at vertical, the S3, 

nO�*, is only about 0.6 eV higher, and all four states are about 5 eV or lower. Thus, the 

first three excited states of 5M2P show more clustering together at vertical than uracil, 

but are fairly similar to cytosine in grouping, although not in order of state character. 

Also, all vertical excitation energies in 5M2P are lower than those calculated for 

uracil,94,129,130 cytosine97,98,130 and thymine.129 
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2.3.2  S1 Stationary Points 

Geometry optimization of the S1 nNπ* state at vertical excitation leads to a zero-

gradient point with ππ∗ character at 3.82 eV (MRCI1), presumably by an avoided 

crossing.  Table 2.1 gives the first four energy levels at this geometry, as well as all other 

excited state stationary points and conical intersections presented in this paper, with the 

photophysically important points listed at all three levels of MRCI used.   Bond lengths 

and bond angles for this point, as well as all other points presented in this paper, can be 

viewed in Table 2.2.  Table SI-2.1 in Supporting Information (Appendix A) presents the 

oscillator strengths and static dipole data for the first four energy states for this and other 

stationary states for 5M2P, as well as the important conical intersections.  The geometry 

of this stationary state is very close to Cs symmetry.  It was shown by frequency 

analysis135 to be a second-order saddle point, and will be called Re(S1)saddle.  It has two 

imaginary modes at 300i cm-1 (ring fold) and 125i cm-1 (methyl rotation).  Although 

second-order saddle points are in general not important, this saddle point is mentioned 

here because of its easy accessibility from vertical excitation, leading to the S1 minimum, 

as will be shown later. 

Also found on the S1 surface at the MRCI1 and MRCIσπ1 level were two 

minima, verified by frequency analysis, at 3.72 eV and 3.85 eV at the MRCI1 level, and 

3.67 eV and 3.77 eV at the MRCIσπ1 level.  These two minima will be called Re(S1)min 

and Re(S1)’min, respectively, and their geometries are shown in Figure 2.2 and Table 2.2.  

The first four energies are listed in Table 2.1, and oscillator strength and dipole data for 

these states are listed in Supporting Information, Table SI-2.1 (Appendix A).   Re(S1)min  

is the global S1 minimum for 5M2P at the MRCI1 and MRCIσπ1 levels.  Of note, 
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however, is that at the MRCIσπ1 level, the S1 energy of Re(S1)’min is closer to that of 

Re(S1)min than at the MRCI1 level.  The geometry of Re(S1)min is distorted out of plane by 

a butterfly-fold with a folding axis along the H1-N1-C4-H4 line, as shown in Figure 2.2, 

with slight pyramidalization of N1 and C4.    The ring in Re(S1)’min is also distorted out of 

plane, but it is quite different in geometry than Re(S1)min.  This minimum displays what 

can be described as an “envelope” fold, or “sofa” fold, with five ring atoms close to 

coplanar, and N3 distorted out of plane, and the atoms attached to the ring distorted 

somewhat out of plane in the opposite direction as N3.  N1 and C4 are more pyramidalized 

than in Re(S1)min.  The state characters of these two minima are also somewhat different.  

Although both are primarily ππ* in character, Re(S1)min has significant nOπ* character 

mixed in, reflected in a 0.1 Å increase of the C2-O8 bond length, compared to Re(S0).  

Re(S1)’min has significant nNπ* character mixed in, and far less nOπ* character than 

Re(S1)min, as displayed in the C2-O8 bond length, which is close to that for Re(S0), but N3-

C4 is longer than for Re(S0) by about 0.1 Å.  Out-of-plane distortion of the ring, 

monitored by the dihedral angle ∠C5-C4-C2-N3, reflects a much larger weakening of the 

π-system around N3 in Re(S1)’min, with a value of 44.5°, whereas this dihedral angle is 

only 12.4° for Re(S1)min, showing that the π-system around N3 is more intact.  These 

different mixings are the result of coupling with the proximal S2 state, which changes 

from a predominantly nOπ* character (with ππ* mixed in), to a predominantly nNπ* 

character (also with ππ* mixed in).  Details of these state character changes will be 

discussed in subsequent sections. Also located on the S1 surface at the MRCI1 level were 

two first-order saddle points, both verified by frequency analysis.  The first, labeled 

Re(S1)’saddle, has an energy of 3.90 eV at MRCI1 level, and 3.78 eV at MRCIσπ1, and a 
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geometry intermediate between the two minima described above.  It has an imaginary 

frequency of 625i cm-1.  Equilibrium geometry and imaginary frequency vector are 

shown in Figure 22, bond and angle data are listed in Table 2.2, and oscillator strength 

and dipole data are listed in Supporting Information, Table SI-2.1 (Appendix A).  Indeed, 

in Section 3.4.3, we will show that this saddle point connects to both minima by gradient-

driven pathways, and thus at the MRCI1 and MRCIσπ1 level it is a barrier separating 

Re(S1)min from Re(S1)’min.  The other saddle point, labeled Re(S1)”saddle, was located on the 

surface at the MRCI1 level, with a geometry almost identical to Re(S1)’min (Table 2.2), 

and an imaginary frequency of about 100 cm-1.  This saddle point was not present at the 

MRCIσπ1 level. 

 

 

Figure 2.2  Stationary Points on the S1 Surface. a) The geometry of Re(S1)min.  b) The geometry 

of Re(S1)’min.  c) The butterfly folding axis for Re(S1)min. d) The geometry of Re(S1)’saddle.  e) and 

f) Top and side views of the imaginary frequency vector of Re(S1)’saddle.   
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An interesting change occurred in the relative S1 energies of the triad of 

geometries Re(S1)min, Re(S1)’saddle and Re(S1)’min when higher levels of dynamical 

correlation were included at the MRCIσπ2 level.  Energies are listed in Table 2.1.  The 

landscape of the S1 surface changes somewhat, although these changes do not seem to 

affect the fluorescence mechanism, as will be described later.  In comparing to MRCIσπ1 

energies, Re(S1)min rises substantially by 0.40 eV to 4.06 eV, Re(S1)’saddle rises as well, but 

only by about 0.21 eV, to 3.98 eV, and Re(S1)’min also rises, but only by 0.13 eV, to 3.92 

eV.   While we are not able to minimize geometries at the MRCIσπ2 level, these results 

do imply that Re(S1)min is not a minimum, let alone a global minimum, that there is no 

barrier between it and Re(S1)’min, and that the S1 energy of Re(S1)’min is the upper limit of 

the global minimum S1 energy.  It is possible that the geometry Re(S1)’min is, in fact, the 

global S1 minimum at the MRCIσπ2 level, although this cannot be verified.  The energy 

difference between vertical excitation to the bright state and the global S1 minimum is 

less at this higher level of correlation than at the MRCI1 level, reducing from almost 1 

eV at MRCI1 to 0.5 eV at MRCIσ�2. The energy changes from correlation being 

discussed here, as well as the relative energy differences between these geometries, 

underscore the influence of including dynamical correlation into the CI expansion, 

especially when noting that not only are different geometries favored as the global 

minimum, depending on the amount of correlation included, but, perhaps more 

importantly, the character of the state favored as the global minimum changes:  Re(S1)min 

is ππ* with nOπ* mixed in, and Re(S1)’min is ππ* with nNπ* mixed in.   Of note, the ring 

distortions and state character for Re(S1)’min have an interesting similarity to a gs/nNπ* 

S0-S1 conical intersection found in cytosine, which is also a sofa conformer with N3 
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distorted out-of-plane, with ring-atom pyramidalizations like Re(S1)’min in 5M2P.97  The 

implications of these similarities will be discussed in more detail later. 

Experimentally, aqueous 5M2P shows an emission energy of 3.26 eV.   If 

Re(S1)’min is the global minimum at the highest level of dynamical correlation, the 

difference between the S1 and S0 energies at this geometry gives an emission energy of 

2.80 eV, which gives a similar error in magnitude as compared to that of vertical 

excitation, about 14%.  At this geometry, the static dipole of S0 is greater in magnitude 

than that of S1 by 2.00 D (Supporting Information, Table SI-2.1, Appendix A), and thus 

the effect of a polar solvent could be expected to pull S0 down relative to S1, creating a 

blue-shift in the emission energy.  Thus, errors in both vertical excitation and emission 

energies could well be reduced to some extent by including a polar solvent environment 

in the simulation. 

 

2.3.3 Conical Intersections 

Conical intersections between energy surfaces provide an efficient channel for 

radiationless transitions and fluorescence quenching.  The conical intersections of 5M2P 

that are important for its photophysics are presented here.  Their energies, as well as the 

topography of their features, contribute to their role in the behavior of the photoexcited 

molecule.  The basics are presented below. 

2.3.3.1  Topography of Conical Intersections    

The topography of the potential-energy surfaces in the vicinity of conical 

intersections can play a significant role in the efficacy of a conical intersection (ci) to 

promote a nonadiabatic transition, as has been presented previously.41,44,45,136-138  Here we 



 66 

will briefly present the important points.  For 5M2P, which has a 36-dimensional 

coordinate space, the seam space, where two potential-energy surfaces I and J are 

degenerate, is spanned by 36 – 2 = 34 degrees of freedom, with the remaining two 

degrees of freedom being the branching coordinates, which lift the degeneracy linearly 

from the conical intersection.  These two branching coordinates are the tuning vector and 

the coupling vector,41 and are denoted as gIJ and hIJ, respectively, using Yarkony’s 

notation.44,45   gIJ is the energy difference gradient, and hIJ is the coupling between states 

I and J.  They are defined mathematically by  
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where EI and ψI  are the energy and eigenfunction of state I, respectively.  The 

topography of the conical intersection in the branching plane is given in terms of the 

parameters g, h, sx, sy .44
  The energies of the intersecting states I and J are then given by 

 2 2
, ( , )      ( )   ( )I J x yE x y s x s y gx hx= + ± +  (2.3) 

 
where x and y are displacements along the gIJ and hIJ directions, and g and h are the slope 

along those two directions, respectively, and sx and sy give the tilt of the cone. 

2.3.3.2  Rx(ci12) and Rx(ci12)’   

Two conical intersection seams between the S1 and S2 states were found.  Their 

state characters are different, although they both have approximately Cs symmetry.  Their 

energies are presented in Table 2.1, their bond lengths and bond angles are listed in Table 

2.2, the values of the cone parameters presented in Equation 3 are listed in Table 2.3, and 

optimized geometries and their branching vectors are shown in Figures 3a and 3b, 
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respectively.  One of these, labeled Rx(ci12)’, at 4.18 eV (MRCI1), was located by 

optimizing the S1-S2 crossing seam from vertical excitation.  This conical intersection has 

nNπ*/ππ* character.  It is asymmetric (g � h, see Table 2.3), steeper along gIJ (g > h), and 

very slightly tilted in the negative gIJ direction (sx > 0). Vertical cones (non-tilted) 

facilitate radiationless transitions from the upper to the lower state, so in this case the 

topology of the cone promotes radiationless transitions to the S1 surface. Optimization at 

the MRCIσπ1 level stabilized this ci to 4.01 eV.   The geometry at the minimum energy 

point on the seam is approximately Cs symmetry with the largest changes in bond lengths 

compared to Re(S0) being that of the N3-C4 bond, which stretches, and the adjacent C4-C5 

bond, which contracts.   

 

 sx sy g h  
Rx(ci12) 0.000200 0.000300 0.051900 0.010900 
Rx(ci12)' 0.011000 0.000000 0.128327 0.025087 
Rx(ci01) 0.101200 -0.056600 0.093400 0.088063 
Rx(ci23) 0.027700 -0.015400 0.207468 0.046640 

 
Table 2.3  Cone parameters for four conical intersections in 5M2P. Cone parameters, as defined 

in Equation 3, for four conical intersections found in 5M2P considered important to fluorescence 

at listed.  Units are atomic units.  All conical intersections were optimized at the MRCI1 level.   

 

The second ci12 found, labeled Rx(ci12), at 3.82 eV, is the lowest energy point on 

a S1-S2 seam found for 5M2P, and it has nOπ*/ππ* character, which is reflected in a 0.09 

Å increase in the C2-O8 bond length.  (It was located by distorting the planar ground state 

geometry in a chair conformation, and then initiating a ci search from this distorted 

geometry.)  This conical intersection is also close to Cs symmetry (Figure 2.3a), with in-
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plane (inp) and out-of-plane (oop) branching coordinates, as shown in Figure 2.3b.  Cone 

parameter values in Table 2.3 for this ci12 describe a relatively flat topography for this 

conical intersection.  Displacements along branching coordinates of each of these conical 

intersections, gIJ for Rx(ci12) and hIJ for Rx(ci12)’, can lead to the Re(S1)min geometry, as 

will be discussed later. 

2.3.3.3 Rx(ci01)   

The ability of 5M2P to fluoresce depends on several factors, one of which is the 

inability of the wave packet on the S1 surface to energetically access the intersection with 

the ground state.  Thus, the location of the lowest point on the S0-S1 seam is crucial to 

predicting the fluorescence behavior of the molecule.  Optimizing on the S0-S1 seam 

gives a lowest degenerate set of energies at 3.91 eV at MRCI1.  Figure 2.3a shows the 

geometry, and Figure 2.3b shows the branching vectors at this conical intersection, 

named Rx(ci01). Energies for Rx(ci01) are listed in Table 2.1 for all three levels of 

correlation, and bond and angle data are listed in Table 2.2.  Dipole and oscillator 

strength data are listed in Supporting Information, Table SI-2.1 (Appendix A), and cone 

parameters are listed in Table 2.3.  The character of this ci is closed-shell/ππ*, with 

character of the S1 resulting almost exclusively from the N3 pz orbital exciting to the 

lowest π* MO.  The molecular structure is quite distorted, with N3 and C6 puckered 

considerable out of plane, giving the ring a boat conformation with strong 

pyramidalization of C4 and N1.  This distortion causes the N3 pz orbital to decouple from 

the ring π-system, and angle itself more into the x-y plane of the ring, as shown in Figure 

2.4a.  The nNπ* state at Rx(ci01), in contrast, is the S3 surface, and it is about 2.7 eV 
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Figure 2.3  Optimized geometries and branching vectors of conical intersections found in 5M2P.  

a) Geometries shown with top-down views are close to planar Cs symmetry.  Those that distort 

out of plane are shown from the side.  b) Branching vectors for Rx(ci12), Rx(ci12)’ and Rx(ci01).  

The gIJ vectors are shown on the left, the hIJ vector are shown on the right.  Arrows correspond to 

the dominant motions of atoms on these vectors. 
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higher than the S0-S1 intersection energy at MRCI1 and MRCIσπ1.  The S3 nNπ* state is 

strongly mixed with and close to the S2 state, which is a second ππ* state at this 

geometry.  Figure 2.4b shows the MO that is primarily excited from at S3, with the N3 

lone pair lobe distorted out of plane and, as a result, mixing with the ring π-system at the 

MO level.    Thus we see somewhat of a reversal of the usual functions for the N3 

orbitals.  That is, the pz orbital is mimicking the non-bond orbital, by virtue of its distorted 

orientation out of plane, and the non-bond orbital is mimicking the π character generally 

reserved for the pz orbital when the molecule is more planar.  This characterization of the 

states is also supported by analysis of the components of the static state dipole moments, 

which will be presented in Supporting Information, section SI-2.1 (Appendix A).  Thus, 

describing these states as nN�* and ��* at these distorted geometries is problematic. 

 

 

Figure 2.4  Two molecular orbitals at Rx(ci01).  a)  The MO of an electron which undergoes the 

primary excitation at the S1 state.  It almost entirely consists of the N3 pz orbital, oriented from 

ring distortion almost parallel to the x-y plane, mimicking the nN orbital.  b)  The MO of an 

electron which undergoes the primary excitation at the S3 state.  Distortion causes the nN orbital to 

orient more in the z-direction and mix with the ring π-system. 

 

The MRCI1 energy of this ci is 0.19 eV above Re(S1)min, or 18 kJ/mol. 

Optimizing this conical intersection at the MRCIσπ1 level raises its energy to 4.08 eV, 
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but optimizing at the MRCIσπ1 lowers the energy of Re(S1)min to 3.67 eV, making the ci 

inaccessible from the global minimum at this MRCI level by 0.39 eV, or 40 kJ/mol.  At 

the MRCIσπ2 level, the energy of this ci raises even more, to 4.12 – 4.32 eV.  At this 

level the global S1 minimum is Re(S1)’min, at 3.92 eV, and the ci is 0.3 eV (29 kJ/mol) 

higher than this minimum, using the average energy value of 4.22 eV for the energy of 

the ci.  Thus, both the intermediate and the higher level of dynamical correlation support 

an S1 state that is more likely to trap population, and less likely to allow access to the 

intersection with the ground state, supporting the fluorescent behavior of 5M2P.   In 

addition, the energy of this ci01 is about 0.3 eV lower than the energy of vertical 

excitation from the ground state to the bright ��* state at the MRCIσ�1 level, and only 

about 0.2 eV lower at the MRCIσ�2 level, whereas at the MRCI1 level this conical 

intersection is about 0.75 eV below the bright ��* state at vertical excitation.  The 

topography of the cone, shown in Figure 2.5, makes this ci even more inaccessible.  Cone 

parameter values describe a relatively symmetric, tilted topography for this ci01.  The 

cone is very tilted in the negative gIJ direction, and as a consequence of this, along with 

the cone’s flatness, the gradient of the S1 surface in the negative gIJ direction is downhill 

from the conical intersection.  Nuclear motion along this direction on gIJ from Rx(ci01) is 

dominated by compression of the N3-C4 bond.   This nuclear motion can lead to 

Re(S1)’min, since this bond is shorter in that geometry (1.38 Å) than it is for Rx(ci01) (1.42 

Å), as listed in Table 2.2.  Therefore, in the vicinity close to the ci01, population coming 

from the region of Re(S1)’min must climb a positive gradient along gIJ to reach Rx(ci01), 

which further impedes the evolution of the population from the minimum region of S1. 
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A gs/nNπ ci01 found by Ismail et al in cytosine,98  shows a close similarity in ring 

geometry to the 5M2P geometries Re(ci01) and Re(S1)’min, having the same distinct sofa 

conformation with oop distortion of N3, as well as similar ring-atom pyramidalizations.  

This ci01 in cytosine, however, was found in that study to have a significant barrier 

separating it from the ππ* global minimum, and was not considered to be involved with 

excited cytosine’s ultra-fast relaxation to the ground state.  The presence of a barrier, 

although higher than the S1 barrier found in 5M2P at the MRCI1 and MRCIσπ1 levels, 

and the similar distortions of the ring, are quite interesting.  

 

 

Figure 2.5  Rx(ci01) topography.   The energy topography of the double-cone at Rx(ci01) is 

shown, using Equation 3 and the cone parameter values for this ci given in Table 2.5.  E0 is the 

S0/S1 energy of the ci.  The positive directions of  the gIJ and hIJ
 vectors are shown as the two 

horizontal axes. 
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2.3.3.4  Other Conical Intersections    

Four other conical intersections, besides the important ones listed above, were 

located at the MRCI1 level.  These conical intersections were not considered to be central 

to the photophysical behavior of 5M2P, and so were not explored further.  They are 

presented here, however, for completeness, and because conical intersections potentially 

involved in the radiationless decay of cytosine have been shown to have conformational 

similarities to some of these.97,98,100  The bond and angle data for these four conical 

intersections are listed in Table 2.2, the first four singlet energies at the MRCI1 level are 

listed in Table 2.1, and their optimized geometries are shown in Figure 2.3a. Three of 

these are S0-S1 conical intersections, named Rx(ci01)’, Rx(ci01)”, Rx(ci01)’’’.   Rx(ci01)’ 

is a seam stationary point on the closed-shell/ππ* seam at 4.09 eV.  The C7-C5-C6-H6 

dihedral angle is twisted at about 107°.   This ci01 is higher in energy than Rx(ci01), so it 

would be even less energetically accessible from either minimum, and so further 

explorations on this conical intersection were not done.  Rx(ci01)’, however, is 

geometrically similar to a gs/ππ* ci01 found in cytosine,99,100 although in that case the 

lower energy of the ci01 implies better S1 accessibility, allowing a possible channel for 

ultra-fast relaxation to S0.  There are differences in the conformation of Rx(ci01)’ 

compared to the cytosine gs/��* ci01, as well.  In the case of the cytosine ci01,99 C5 and 

C6 were shown to be strongly hybridized, leading the researchers to conclude that this ci 

had considerable diradical character.  On the other hand, in Rx(ci01)’ C5 and C6 are 

almost trigonal-planar, with only slight hybridization of those atoms, and the � MO 

dominantly excited from has density on C5, N3 and O8, implying that this ci01 has much 

less radical character compared to that of cytosine. 
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Another ci01, named Rx(ci01)”, was located at 4.47 eV, but it was a stationary 

point on the ��*/nO�* seam, and neither of the states had closed-shell character.  A third 

ci01 was located from vertical excitation geometry at 6.40 eV at MRCI1, named 

Rx(ci01)’’’ (Table2 and Figure 2.3a), with closed-shell/nNπ* character.  It is 

approximately Cs symmetry, with ∠C2-N3-C4 strongly distorted to approaching linear at 

156°.   This conical intersection was clearly too high in energy to have much impact on 

the photophysical behavior of 5M2P, being significantly higher energetically than either 

S1 minima or the vertical S1 energy, and was not explored further.   

An S2-S3 conical intersection on the nNπ∗/ nOπ∗ seam was found at 4.34 eV 

(MRCI1, Table 2.1) by searching for the seam from vertical excitation, and then 

optimizing the seam.  This ci is named Rx(ci23), with geometry shown in Figure 2.3a. 

The symmetry is approximately Cs.  Cone parameters are given for this ci in Table 2.3, 

and the bond and angle data are given in Table 2.2.  The cone parameter values make this 

conical intersection very asymmetric, and steep along gIJ. Since this ci was the optimized 

point on the seam between two dark states, and was not directly involved with a pathway 

significantly important to the actual photophysical evolution of the system, further 

explorations of this ci were not done.  However, as will be seen in some of the S1 

pathways, as well as in linear interpolation calculations, where all states are seen for a 

given geometry, this state crossing between nNπ* and nOπ* does manifest itself as an 

avoided crossing when the geometry is close to that of the ci, and it even affects the S1 

surface. 
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2.3.4 Pathways 

In this section, we discuss possible pathways from vertical excitation via gradient-

driven paths.  Kasha’s Rule states that fluorescence is most likely to originate from the 

global minimum of the S1 state, and so we will focus on paths that reach this state, which 

at the MRCI1 level is Re(S1)min.  However, since experimentally 5M2P does indeed 

fluoresce, merely having paths that lead to this S1 minimum is, of course, not enough.  It 

must be also shown that the bright population can stay at this minimum long enough to 

fluoresce.  Exploring the accessibility of the ci01 is important then.  In the case of the 

nucleobases, fluorescence is highly quenched, and in general (uracil,94 cytosine97,98), it 

has been shown that the S0-S1 conical intersection is about equal to or lower in energy 

than any minimum on the S1 surface.  Thus, the highly populated excited state for all the 

bases of DNA and RNA can simply evolve rapidly to the ground state via the S0-S1 

conical intersection and dissipate the excess energy as heat, rather than pool on the S1 

surface and fluoresce.  By contrast, we will show in this section that in 5M2P there exists 

a barrier between the S1 minimum and the S0-S1 conical intersection (at the MRCI1 and 

MRCIσπ1 levels), and this conical intersection is significantly higher in energy than the 

S1 minimum.  So this minimum may support vibronic levels.    

In Section 3.4.1 we will show that there are in fact several calculated pathways to 

Re(S1)min, the global minimum at the MRCI1 and MRCIσπ1 levels, from vertical 

excitation, as well as from two other geometries, supporting the general accessibility of 

this S1 minimum.  Then, in section 3.4.2, we will present how the S1 region between 

Re(S1)min and Rx(ci01), critical for the fluorescent behavior of 5M2P, was explored by 

linear interpolation.  In section 3.4.3 we will present gradient pathways that connect the 
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two S1 minima through the saddle point Re(S1)’saddle.  Then, in section 3.4.4, Rx(ci01) will 

be connected by a gradient pathway along S0 to the equilibrium ground state Re(S0).   

2.3.4.1  S1 Gradient-Driven Pathways to Re(S1)min 

2.3.4.1.1  Rx(ci12)’ to Re(S1)min.  After the initial vertical excitation, the system 

can evolve to the minimum energy point on the S1-S2 seam at Rx(ci12)’.   After that, the 

system emerges on the S1 surface, where it can reach the S1 minimum. Figure 2.6 shows 

the gradient pathway from Rx(ci12)’ to Re(S1)min.  These two pathways complete a 

possible photophysical pathway from vertical excitation to the minimum.   Gradient 

directed pathways from conical intersections are initiated from a displacement along one 

of the branching vectors and then following the gradient of the S1 surface.  In this case 

the branching vector chosen was the coupling vector hIJ, since this vector creates an out 

of plane distortion of the ring.  As shown in Figure 2.6, this pathway lifts the degeneracy 

between the S1 and S2 state, and the S1 surface lowers in energy as a function of ∠N1-C2-

N3, while the S2 surface rises in energy along this coordinate.  It is interesting to note, as 

well, that it is clear from the figure that the S2 state, after Rx(ci12)’, exhibits an avoided 

crossing with the S3 nOπ* state, with an S2-S3 conical intersection probably close by.  

This explains why at Re(S1)min, which is primarily ππ* in character, a significant 

percentage of the CI wave function has nOπ* character, and that at this geometry the S2 

state is primarily nOπ*, with significant ππ* character.  Another geometric change from 

Rx(ci12)’, and more obvious visually when monitoring the path graphically, is an out-of-

plane butterfly fold with the folding axis through atoms N1 and C4.  The plot actually 

shows the pathway on the S1 surface down to about 3.74 eV, since to lower another 0.02 

eV, and fully reach the geometry of Re(S1)min, two small motions are required.  The 
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methyl group for both Rx(ci12)’ and Re(S1)min is oriented with one hydrogen 

approximately eclipsed with the ring, with this eclipsed hydrogen pointing towards N1 in 

Rx(ci12)’, but towards N3 in Re(S1)min.  Thus, the methyl must rotate by ca. 30°.  Methyl 

rotation has a small barrier associated with it, on the order of 60 cm-1, which corresponds 

to about 0.01 eV, which is easily crossed in a real system.  This tiny barrier, however, is 

large enough to block access to Re(S1)min with the routine we use for following gradient 

pathways.  Our geometry optimization routine, however, uses larger step sizes, and the 

small barrier is overcome, with the system quickly reaching the global minimum.  The 

ring at 3.74 eV also requires a few more degrees of dihedral butterfly folding before fully 

achieving the geometry of  Re(S1)min, and this slight amount of folding occurs 

concurrently with the methyl rotation when the geometry is optimized.   

2.3.4.1.2 Rx(ci12) to Re(S1)min.  Rx(ci12) is the lowest point found on the 

nOπ*/ππ* seam.  The geometry of this ci12, like Rx(ci12)’, is close to Cs symmetry.  This 

ci, unlike Rx(ci12)’ , has the methyl group rotated in the same orientation as Re(S1)min, 

that is, with the eclipsed hydrogen pointing towards N3, and it has nOπ*/ππ* character, 

rather than the nNπ*/ππ* character of Rx(ci12)’.  A pathway starting from an initial 

displacement along the in-plane gIJ vector leads to Re(S1)min, further illustrating the 

general accessibility of this minimum.   

2.3.4.1.3 Re(S1)saddle to Re(S1)min.  Re(S1)saddle is a second-order saddle point with 

ππ* character and approximately Cs symmetry, found by geometry optimization of the S1 

state at vertical excitation geometry.  Displacement along the 300i cm-1 vector followed a 



 78 

 

 

 

 

 

 

 

Figure 2.6  S1 Pathway:  Rx(ci12)’ to Re(S1)min.  Gradient-driven pathway from a displacement 

along the hIJ direction of (ci12)’, following the gradient of the S1 state, leading to Re(S1)min.  

Energies of the first four singlet states relative to the minimum of S0 are plotted as a function of 

∠N1-C2-N3. 
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gradient pathway to Re(S1)min.  This makes the number of possible pathways to Re(S1)min 

three, at least, with two close to the Franck-Condon region.  It should be noted that 

gradient-directed pathways using mass-weighted coordinates eventually also lead to the 

S1 minimum from these three initial geometries. 

2.3.4.2  Linear Interpolation (LI) from Re(S1)min to Rx(ci01) 

The region between the Re(S1)min and Rx(ci01) geometries was surveyed by linear 

interpolation, the methodology of which was presented in Section 2.  Four-state MRCI1 

energies were calculated at several values of d, giving energies at geometries linearly 

interpolated between optimized geometries.  Although this is an obviously artificial 

coordinate, it gave a quantitative landscape of the energy changes that occur between 

Re(S1)min and Rx(ci01), and it also provided several geometries to launch saddle point or 

minima searches from, which would then lead to much more detailed elucidation of the 

true path between these two optimized geometries.  In general, an LI plot between two 

optimized geometries relatively far apart, such as the present example, can easily and 

grossly overestimate barriers between the two, and so the subsequent saddle-point 

searches from intermediate structures are often necessary.  This was true in this case.  

There was a significant barrier along this path on the S1 surface, and saddle point 

searches initiated from two geometries around the region where this barrier was highest, 

did locate two different saddle points on the S1 surface between Re(S1)min and Rx(ci01), 

both verified as first-order by frequency calculations, Re(S1)’saddle (3.90 eV) and 

Re(S1)”saddle (3.85 eV), described in previous sections.  Both of these saddle points were 

above the S1 energy for Re(S1)min by 0.18 eV and 0.13 eV, respectively, at MRCI1.  Also 

located by this method was the secondary S1 minimum, Re(S1)’min, described earlier in 
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Section 3.2, with an S1 energy of 3.85 eV at the MRCI1 level, 3.79 eV at MRCIσπ1 

level, and 3.92 eV at the MRCIσπ2 level.  

A more refined LI calculation was then done using the stationary points 

Re(S1)’saddle and Re(S1)”saddle or Re(S1)’min as two enforced geometries between Re(S1)min 

and Rx(ci01), by calculating the MRCI energies in three different linearly interpolated 

paths.  This LI was done both at the MRCI1 and MRCIσπ1 levels.  Figure 2.7 shows the 

plot at the MRCIσπ1 level, using integer values of d to define equilibrated stationary 

states.  For this study the geometries chosen for the reference states (d=1 and d=2) were 

optimized at the MRCIσπ1 level.  Five states were included in the SA-MCSCF, and five 

CI roots were calculated, because it was found that a fifth state intersects with the fourth.  

Integer values of d correspond in this set of calculations to the following optimized 

reference geometries:  d = 0, Re(S1)min; d = 1, Re(S1)’saddle; d = 2, Re(S1)’min; d = 3, 

Rx(ci01).  Values between these integer values of d, as before, correspond to the amount 

of linear transition from the lower integer-valued reference geometry and the higher-

integer valued reference geometry.  The S1 surface along the LI coordinate d at the 

MRCIσπ1 level is fairly flat with two minima, Re(S1)min and Re(S1)’min, both of which are 

lower in energy than Re(ci01) by 0.3 – 0.4 eV, and separated by a low barrier at 

Re(S1)’saddle of less than 0.1 eV.  No other features between these four points, such as 

minima or additional barriers, appear along the coordinate d as the result of linear 

interpolation.  In Section 3.4.3, we will show more rigorously that the two minima are 

connected through this barrier by gradient-driven pathways.  An important difference 

between MRCI1 and MRCIσπ1 is the effect on the S0 surface.  In Figure 2.7 it can be 

seen that the MRCIσπ1 level S0 energy surface remains low and quite flat all the way to 
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d = 2, and then climbs quite steeply to become degenerate with S1 at d = 3.  At the 

MRCI1 level, the S0 energy begins rising steadily immediately from d = 1.  Thus 

correlation at the MRCIσπ1 level is evidently stabilizing a larger portion of the ground 

state surface in this LI coordinate.  Given the fact that at the MRCIσπ1 level Rx(ci01) is 

destabilized by about 0.15 eV compared to MRCI1, the stabilizing effects from this 

intermediate inclusion of dynamical correlation on S0 between Re(S1)’saddle and Re(S1)’min 

are quite interesting.   

The higher energy surfaces in the region between Re(S1)’min and Rx(ci01) are 

worthy of note, with a clear avoided crossing on S3 and S4 in the region of d = 2.6.  The 

S2 and S3 states also exhibit an avoided crossing close to d = 1, at Re(S1)’saddle.  Between 

Re(S1)min and Re(S1)’saddle S2 is primarily nOπ* and S3 is nNπ*, but these descriptions 

switch states at Re(S1)’saddle, causing S2 to become nNπ* and S3 to become nOπ*.  The 

state characters from the CI wave function were supported with a similar LI study 

plotting the components of the state dipole moments as a function of d, the details of  

which are presented in Supporting Information, section SI-2.1 (Appendix A).  All these 

crossings point to the existence of at least two more conical intersections in the states 

above S1!  Combining this information with the number of conical intersections presented 

in Section 3.3, makes it clear that conical intersections are not confined to molecules that 

exhibit radiationless decays to the ground state.  Rather, they are natural features of the 

energetic landscapes of a great many molecules, including those that display long  
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Figure 2.7  Linear Interpolation from Re(S1)min to Rx(ci01) at the MRCIσπ1 level.   

d = 0 to 1 corresponds to interpolating from Re(S1)min to Re(S1)saddle’, d = 1 to 2 corresponds to 

Re(S1)saddle’ to Re(S1)’min, and d = 2 to 3 corresponds to Re(S1)’min to Rx(ci01).  d = 0, 1, 2, 3 

geometries are the optimized MRCIσπ1 geometries labeled in the plot, with corresponding 

structures shown below, and vertical dividing lines to separate the three LI regions.   The first five 

singlet energy levels are shown, relative to the minimum energy of S0 at the MRCIσπ1 level, as a 

function of d. 
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fluorescence lifetimes.  In the present example, the S1-S2 seam, which originates at or 

close to vertical excitation, can act to combine the high population of the bright state with 

the lower population of a dark state, essentially funneling both into the fluorescing 

minimum on the S1 surface.   

2.3.4.3  S1 Pathway:  Connecting Re(S1)min and Re(S1)’min through Re(S1)’saddle 

The S1 minimum Re(S1)min, which is easily accessed from vertical excitation, as 

well as from at least two other geometries listed in Section 3.4.1, is connected with the 

second S1 minimum, Re(S1)’min, by a gradient pathway through a saddle point.   

Re(S1)’saddle, shown in Figure 2.2d, is a first order saddle point on the S1 surface with an 

oop chair-like oscillation at the imaginary frequency of 625i cm-1, illustrated in Figures 

2e and 2f.  This oscillation compresses C2-O8 as it stretches C2-N3.  When this saddle 

point, which has C1 symmetry, is displaced along the negative direction of the imaginary 

vector, the gradient leads to the butterfly-folded geometry of Re(S1)min.  When it is 

displaced in the positive direction, the gradient leads to the sofa geometry of Re(S1)’min.  

These two pathways are combined into a single plot in Figure 2.8, with the S1 energy of 

Re(S1)’saddle represented by a black diamond.  S1 in the positive direction from the saddle 

point is mostly ππ* in character, but S2 is nNπ* and destabilizing, S3 is nOπ*, and also 

destabilizing.  Thus, the carbonyl becomes shorter, and the ring more planar, with all ring 

atoms but N3 almost completely coplanar.  N3 is distorted out of plane at the equilibrium 

minimum geometry, with significant pyramidalization of N1 and C4.  The methyl has 

rotated so that no hydrogens are coplanar with the ring.  It is important to note that at this 

saddle point the S2 state changes dominant character from nOπ* to nNπ*, and thus S1 

reflects this change.  The effect of this is that S1, mostly ππ* in character, begins to 



 84 

include some nOπ* character as this surface moves away from the saddle point and 

towards Re(S1)min, and this is reflected in the change in R(C2-O8), which increases by 

0.08 Å (Table 2.2).  Likewise, in this same direction, the influence of nNπ* decreases, and 

this is reflected in an decrease of R(N1-C2) and R(N3-C2).   The S1 and S0 energies for 

Re(S1)’min are 3.85 eV and 1.56 eV at the MRCI1 level, making the S1 surface from 

Re(S1)’saddle, at 3.90 eV, very flat, whereas the S0 surface in this path must climb from 

1.12 eV to 1.56 eV.  Thus, the plot stops at 1.38 eV for the S0 state, since the S1 gradient 

in this region is almost zero.  In fact, in this region between the two MRCI1 saddle 

points, the S1 energy remains completely unchanged, whereas the S0 energy changes by 

about 0.4 eV, and ∠C5-C4-C2-N3, the coordinate that monitors the amount N3 is out of 

plane, changes by several degrees.  Since the S1 surface in this region is almost entirely 

flat, it would easily be accessed by a real physical vibrating molecule, but difficult to 

traverse by an algorithm that only follows the gradient.  

Of course, given the significant changes to this region of the S1 surface from 

including higher levels of dynamical correlation, it would be most interesting to follow 

these gradient pathways from Re(S1)min to Re(S1)’min at the MRCIσπ2 level.  This, 

unfortunately, is too computationally expensive at this time to be practical.  

2.3.4.4 S0 Path:  Rx(ci01) to Re(S0) 

The conical intersection at the lowest point found on the S0-S1 seam (closed-

shell/ππ*), Rx(ci01), has a geometry that is considerably distorted out of plane, with 

atoms N3 and C6 on a folding axis of a boat-like conformer, as shown in Figure 2.3a.  

Thus, the gIJ and hIJ vectors for this conical intersection are not purely in- and out-of-  
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Figure 2.2.8  S1 Pathways from Re(S1)’saddle to Re(S1)min and Re(S1)’min.     Two gradient-driven 

pathways from displacements along the positive and negative directions of the imaginary mode of 

Re(S1)’saddle.  The negative direction follows the gradient of the S1 state leading to Re(S1)min, while 

the positive direction follows the gradient of the S1 state leading to Re(S1)’min.  Energies of the 

first four singlet states relative to the minimum of S0 are plotted as a function of dihedral ∠C5-C4-

C2-N3. 
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plane, as was the case with the two ci12 geometries described above.  For this conical 

intersection, the gIJ vector is dominated by a bond vibration mode at N3-C4, and the hIJ 

vector is dominated by the atom N3, the ring atom most out of plane, becoming more 

coplanar, and the carbonyl carbon C2 moving less, toward N1 (see Figure 2.3b).   The 

overall direction of the hIJ vector is towards planarity, and so this coordinate was chosen 

to displace along in order to follow a gradient pathway on the S0 surface to the ground 

state geometry. 

 
Figure 2.9  S0 Pathway: Rx(ci01) to ground state S0.  Gradient-driven pathway from a 

displacement along the gIJ direction of (ci01), following the gradient of the S0 state, leading to 

Re(S0).  Energies of the first four singlet states relative to the minimum of S0 are plotted as a 

function of dihedral ∠C5-C4-C2-N3. 

 

Figure 2.9 shows the gradient pathway from ci01 to the ground state geometry, as 

a function of the dihedral angle ∠C5-C4-C2-N3.  The ring in the ground state geometry is 

planar, and so this dihedral angle should get close to 0°.  Indeed it does, and the energy of 
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the S0 surface goes to 0 eV.  Thus, if the excited system accesses this ci01, it is likely that 

it will decay radiationlessly to the ground state.  Of course, we have already shown in 

previous sections that access to ci01 is blocked, by a barrier, as found at the MRCI1 and 

MRCIσπ1 levels, or because it is energetically too high in energy compared to the global 

minimum on the S1 surface, as found at the higher two levels of dynamical correlation. 

 

2.4 Conclusions 

Results of the MRCI calculations carried out in this study on 5-methyl-2-

pyrimidinone give support to the mildly fluorescent nature of this base, as is observed 

experimentally, at all levels of theory presented here.  The bright state upon absorption of 

the ultra-violet photon by the ground state is the S2 ππ* state, which is almost degenerate 

with the dark S1 nNπ*.  S3 is a dark nOπ* state.  At the highest level of dynamical 

correlation carried out in this study, S1 and S2 have vertical excitation energies 4.37 and 

4.42 eV, respectively, and S3 is 5.07 eV.  State character of each of these states is 

conserved through each level of theory.   Experimentally, aqueous 5M2P absorbs at 4.00 

eV, making the S2 energy calculated in this study too high by about 10%, which could 

red-shift when influenced by a polar solvent.   

A summary energy plot as a function of the main geometries of 5M2P involved in 

the calculated fluorescence mechanism is given in Figure 2.10, with results at the 

MRCIσπ1 and MRCIσπ2 levels presented.  Pathways presented in this study are 

represented by dotted lines connecting points.  The S1-S2 seam (nNπ*/ππ*) is easily 

accessed at vertical excitation, and optimizes to the lowest stationary point on that seam, 
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Rx(ci12)’.  The system can then emerge from this ci12 and follow the S1 surface to the 

minimum, Re(S1)min.   

The S1 surface containing Re(S1)min has a seam of conical intersections with the 

ground state S0 surface, but the lowest stationary point on that S0-S1 seam, Rx(ci01), is 

calculated to be between 0.29 and 0.42 eV (28 to 41 kJ/mol) above the global minimum.  

In Figure 2.10, this energy gap is given as ∆Emin-ci01.  Even with the inevitable excess 

vibrational energy from electronic excitation, these results indicate that enough of the 

photoexcited population could become trapped on the S1 surface to display a fluorescence 

quantum yield.   This is especially true at the MRCIσ�2 level, since the energy of the 

ci01 is almost the same as vertical excitation energy to the bright state S2 state, implying 

that much of the vibrational relaxation that occurs after initial excitation will result in 

energies lower than the ci01. The large energy gap from the global S1 minimum to the 

ci01 can also contribute to the trapping of the excited S1 population, and thus promote 

fluorescence, regardless of the topological details of the S1 surface between Re(S1)min and 

the ci01.  In addition, the tilted topography of this conical intersection does not facilitate 

funneling of the S1 population to the ground state surface non-adiabatically as well as a 

more vertical ci would.   Although detailed experimental studies of the photophysical 

properties for 5M2P  in the gas phase are not available, the present study suggests that 

there will be a fluorescence decrease and simultaneous nonradiative decay increase for S1 

vibrational levels above the S0-S1 conical intersection energy.  

The details of the S1 region between Re(S1)min and Rx(ci01) are of interest, 
 
however, since 5M2P conformers in this region bear strong resemblance to those in a 

similar region calculated in cytosine.97,98  At the MRCIσπ1 level, in addition to the global  
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Figure 2.10  Fluorescence mechanism of 5M2P:  MRCIσπ1 and MRCIσπ2 results.   The 

important energies of geometries involved in the fluorescence mechanism are shown at the 

MRCIσπ1 and MRCIσπ2 levels, a) and b), respectively, in units of eV with respect to the 

minimum of the ground state at each level.  Dotted lines indicate pathways between geometries 

calculated at the MRCI1 level. 
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Re(S1)min, two other stationary points have been located on the S1 surface:  a second 

minimum, Re(S1)’min and a low 0.12 eV barrier (11 kJ/mol), Re(S1)’saddle, separating the 

two minima.  At the highest level of correlation, Re(S1)’min becomes the global minimum, 

at 3.92 eV, with the S1 energies of  Re(S1)min and Re(S1)’saddle rising relatively to this 

minimum.  The MRCIσπ2 S0 and S1 energies at Re(S1)’min give an emission energy of 

2.80 eV, which is closest to the experimental value of 3.26 eV for the three levels of 

theory used in this study.   Additional studies are needed to understand the topological 

influence of dynamical correlation on this region of the S1 surface, especially in light of 

the conformational similarities 5M2P has with photophysically important S1 conformers 

found in cytosine.  Certainly, the results of this study further support the importance of 

including dynamical correlation in theoretical investigations of the photophysics of the 

DNA and RNA bases, as well as their analogs. 
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Abstract 

The ultra-fast radiationless decay mechanism of photoexcited cytosine has been 

theoretically supported by exploring the important potential energy surfaces using multi-

reference configuration-interaction ab initio methods for the gas-phase keto-tautomer 

free-base.  At vertical excitation the bright state is S1 (��*) at 5.14 eV, with S2 (nN�*) and 

S3 (nO�*) being dark states, at 5.29 eV and 5.93 eV, respectively.   Minimum energy 

paths connect the Franck-Condon region to a shallow minimum on the ��* surface at 

4.31 eV.  Two different energetically accessible conical intersections with the ground 

state surface are shown to be connected to this minimum.  One pathway involves N3 

distorting out of plane in a sofa conformation, and the other pathway involves a dihedral 

twist about the C5-C6 bond.  Each of these pathways from the minimum contains a low 

barrier of 0.14 eV, easily accessed by low vibronic levels.  The path involving the N3 sofa 

distortion leads to a conical intersection with the ground state at 4.27 eV.  The other 

pathway leads to an intersection with the ground state at 3.98 eV, lower than the 

minimum by about 0.3 eV.   Comparisons with our previously reported study of the 

fluorescent cytosine analog 5-methyl-2-pyrimidinone (5M2P) reveal remarkably similar 

conformational distortions throughout the decay pathways of both bases.  The different 

photophysical behavior between the two molecules is attributed to energetic differences.  

Vertical excitation in cytosine occurs at a much higher energy initially, creating more 

vibrational energy than 5M2P in the Franck-Condon region, and the minimum S1 energy 

for 5M2P is too low to access an intersection with the ground state, causing population 

trapping and fluorescence.  Calculations of vertical excitation energies of 5-amino-2-

pyrimidinone and 2-pyrimidinone reveal that the higher excitation energy of cytosine is 
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likely due to the presence of the amino group at the 4-position.
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3.1  Introduction 

The ability of DNA and RNA to absorb ultraviolet light without significant 

reaction or fluorescence is a property that is vital for life exposed to sunlight.  This 

property has been given considerable experimental and theoretical attention in recent 

years,7 and it has been determined to be largely an intrinsic property of the nucleobases, 

which display extremely low fluorescent quantum yields and ultra-short excited state 

lifetimes in both solution and gas phase, on the order of 1 ps or less.  The excited state 

lifetime of cytosine, the base of central focus in this study, has been measured at values 

from 0.72 to 3.2 ps.139-142   It has been proposed that the DNA/RNA nucleobases, when 

excited by UV light, rapidly funnel their excited state population to the ground state 

through energetically accessible conical intersections (ci) between the first excited singlet 

state, S1, and the ground state surface, S0. 7,13,93-100,103-108,122,143-147  Thus, the excited 

population cannot, in general, remain excited long enough to fluoresce, or long enough to 

be reactive in an intermolecular collision.  Instead, the excess energy is rapidly dissipated 

as vibrational energy (heat) to the surroundings.  In order to more easily probe DNA 

strand conformational dynamics with spectroscopic techniques, a host of fluorescent 

DNA base analogues91 have been created, all with structures and functionalities similar to 

the nucleotides, in order to mimic many of their properties, but generally displaying 

much longer fluorescence lifetimes.   Theoretical investigations into the structural and 

electronic differences and similarities between these fluorescent analogs and the non-

fluorescent DNA/RNA bases that they mimic could shed considerable light on the 
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molecular properties that contribute to the vital ability of excited DNA/RNA bases to 

decay radiationlessly after excitation.    
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Figure 3.1.  The structures of cytosine and 5M2P with numbering for all geometries presented in 

this paper.  For all geometries presented, cytosine remains approximately parallel to the x-y plane. 

The angle 	 defines the angle between the x-y contribution to the static state dipole moment 

vector and the axis of the C2-O8 bond. 

 

We reported a detailed theoretical analysis of the fluorescence mechanism of one 

of these analogs, the fluorescent cytosine analogue 5-methyl-2-pyrimidinone (5M2P), 

using multireference configuration−interaction (MRCI) ab initio methods.10  The 

structures of both cytosine and 5M2P are shown in Figure 3.1  5M2P has a heterocycle 

ring structure identical to cytosine.  It differs from cytosine in that it has a methyl group 

at the C5 position and a hydrogen at the C4 position, whereas cytosine has a hydrogen at 

the C5 position and an amino group at the C4 position.  Our interest in 5M2P is its 

structural and electronic similarities and differences with cytosine, focusing on the 

energetic and geometric changes involved with its fluorescence behavior.  Understanding 

the photophysical behavior of an excited molecule requires accurate mapping of the 

potential energy surfaces (PESs), especially the singlet S1 surface.  Kasha's rule92 states 
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that fluorescence will most likely originate from a population trapped on this surface.  

Trapping of the S1 population requires that the ci seams between this surface and the 

ground state surface must be too high in energy compared with the S1 minimum to be 

easily accessible or else the S1 population must be blocked from accessing this ci by an 

energy barrier sufficiently high to bind vibrational levels.  In the case of 5M2P, we 

located two different ci seams between the S1 and the ground state surface, but they were 

too high in energy so trapping of the S1 population was shown to be possible; thus, 

fluorescence for 5M2P was supported theoretically. 

We continue this study by presenting the results of MRCI calculations on the 

photophysical behavior of cytosine.  Our goal is to theoretically identify the electronic 

and structural features needed to facilitate ultrafast radiationless decay of this base and to 

observe how they differ from 5M2P. While our report on 5M2P was to the best of our 

knowledge the first such analysis of that base, cytosine has received considerable 

theoretical attention.95,97-100,107,108,122,130  Ismail et al., using complete active space-self 

consistent field (CASSCF), reported a decay mechanism wherein the bright S2 ��* 

population undergoes a state switching to the nO�* surface, with a subsequent accessible 

channel to the ground state through a gs/nO�* ci.98  Also located was an energetically 

blocked gs/nN�* intersection, with considerable out-of-plane distortion at the intersection 

by N3.  Merchán and Serrano-Andrés, by using complete active space with second-order 

perturbation theory (CASPT2) to include dynamical correlation, found S1 to be ��* 

which crossed with the ground state surface.97  Other groups have located an accessible 

S0/S1 ci with C5/C6 diradical character and a commensurate twist around the C5−C6 bond. 

Sobolewski and Domcke located this channel in the cytosine−guanine base pair,108 and 
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Tomi
 et al. located a similarly distorted ci in isolated cytosine with density functional 

theory (DFT)/MRCI.100  Zgierski et al. also recently reported such a decay channel 

structure for cytosine from results of completely renormalized equation of motion 

coupled-cluster (CR-EOM-CCSD(T)) calculations of configuration interaction singles 

(CIS)-optimized geometries.99  With such a diverse and sometimes conflicting range of 

proposed mechanisms of the decay of excited cytosine, it is currently unclear which of 

these is more valid than the others.  Indeed, a more accurate picture might actually be a 

combination of these mechanisms or even other mechanisms entirely. Additionally, some 

of these previous studies used methods that did not include dynamical correlation for 

calculating gradients.  Dynamical correlation has been shown to be important for 

predicting the correct order of states and thus is critical when state crossings are 

involved.97  In this report, a comprehensive analysis of the pathways for the radiationless 

decay in cytosine is presented using MRCI methods for both the energies and the 

gradients, and they are compared with the results reported for the fluorescent analogue 

5M2P.  Detailed analysis of the differences in photophysical properties of the two 

molecules requires studies at the same high level of theory. 

The methods used to study cytosine will be presented in Section 2, including the 

theoretical treatments and software used.  Then, in Section 3, results will be discussed, 

including vertical excitation data, location of stationary points on the singlet-state 

adiabatic surfaces, conical intersections, pathways connecting many of these points, and 

comparisons with 5M2P.  Finally we will conclude and summarize in Section 4.  

 

3.2 Methods 
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The basis sets for all atoms were the double-� plus polarization (cc-pvdz) 

Gaussian basis sets of Dunning.123  Cytosine has 58 electrons in total, with 8 heavy atoms 

(N, O, and C), and 5 hydrogens.  All calculations were carried out with no symmetry 

restrictions.  Molecular orbitals (MOs) were obtained from a state-averaged multi-

configuration self-consistent field (SA-MCSCF) procedure for the first four singlet states, 

unless otherwise specified.  The five lowest singlet states arise from excitations of �, nN, 

and nO electrons to �* orbitals, and so the complete active set (CAS) of orbitals was 

chosen to be 7 �, 1 nN, and 1 nO, with a total of 12 electrons in 9 active orbitals. We 

denote this arrangement as (12, 9).  In general, (n, m) denotes n electrons in m active 

orbitals.  The CASSCF calculation generated 2520 reference configurations from this 

active space, which was used for all subsequent MRCI calculations presented here.  The 

amino nitrogen lone pair was not treated as active in any of the calculations presented in 

this report. 

Three different MRCI expansions were used for calculations. MRCI1 included 

only single excitation configuration state functions (CSFs) generated from the CAS 

orbitals, with the core 1s, � orbitals and one oxygen lone pair remaining always frozen.  

This low-level expansion contained 637,560 CSFs and was used for single point 

calculations as well as location and frequency analysis124 of stationary points and ci 

searches.60,61  The next expansion, labeled MRCI��1, incorporated dynamical correlation 

of the � electrons with the � and nonbond electrons.  It has been shown79,125-127,148 that 

dynamical correlation of core and active electrons is important in describing the excited 

states of organic � systems.  Studies on aromatic and planar heteroatom systems that 

incorporate dynamical correlation with perturbation have supported this assertion, and it 
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has been further shown that inclusion of �−� correlation is important when studying the 

electronic structure and excited states of the nucleobases.13,94,97,129-131  For the MRCI��1 

expansion, only single excitation CSFs were included in the expansion, but the inclusion 

of excitations from the 14 � orbitals and the second oxygen lone pair gave approximately 

10 million CSFs. 1s core orbitals were maintained as frozen.  This expansion was used to 

refine MRCI1 single points and for a more accurate optimization of geometries such as 

important stationary points and ci.  The third expansion used, labeled MRCI��2, includes 

single excitations from the � electrons and one oxygen lone pair plus single and double 

excitations from the CAS orbitals into the virtual orbitals. Double excitations 

dramatically increase the number of configurations in the expansion, with MRCI��2 for 

this molecule having over 121 million CSFs. MRCI��2 was only used for single point 

calculations of important geometries, and often only the first two states were allowed to 

converge, since our main focus was on the topology of the S1 surface. 

Linear interpolation (LI) between important geometries was performed in order to 

quickly give qualitative information about state surface crossings and possible minima 

and barriers between equilibrated geometries.  Calculations presented in this paper did 

not result in rotation or translation of cytosine, only distortion while maintaining the 

relative orientation as constant.  The difference between the Cartesian coordinates of two 

geometries of interest was calculated, and several geometries were generated by adding 

this difference times a scaling factor from 0 to 1.  This gives the energy profile for a 

molecular change corresponding to a single concerted motion of all atoms linearly 

between two geometries.   The geometries generated along the linear interpolation path 

can then act as launching points for searches of gradient minima and barriers, or to 
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support connection between geometries where the gradient is too low to sample 

effectively in a gradient-directed pathway.  

The software used for all calculations was a modified version of the COLUMBUS 

Quantum Chemistry Program Suite, which includes algorithms for locating two- and 

three-state ci.59-61,63,80,132  The algorithms use analytic gradients for MRCI wave functions 

available in COLUMBUS.81  Molecular visualization and graphical rendering was done 

with Molden.133 

 

3.3 Results And Discussion 

3.3.1 Cytosine 

The tautomer used for cytosine is the keto-form free base. The keto-form is likely 

to be the most stable tautomer in aqueous and physiological environments because of its 

large dipole.100  Figure 3.1 shows the structure of cytosine with the atomic numbering 

that will be used throughout this paper. Geometries are denoted by R.  The equilibrium 

geometry for the singlet state Sm is denoted as Re(Sm).  Minimum energy points of ci 

seams between states SI and SJ are denoted as Rx(ciIJ).  In section 3.1.1, the ground state 

and the first three excited singlet states will be characterized on the basis of the results of 

the three MRCI expansions described in section 2.  Vertical excitation energies, along 

with their calculated oscillator strengths, will be given.  Stationary points on the S1 

surface will be presented in section 3.1.2, since this surface seems to be the most 

important in understanding the photophysical behavior of cytosine.  In section 3.1.3, ci 

will be presented, and in section 3.1.4, we will connect points on the S1 surface with 

gradient-directed pathways. 
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3.3.1.1 Vertical Excitation Energies    

The ground state geometry, Re(S0), at the MRCI1 level has C1 symmetry, due to 

the amino group being pyramidalized and slightly tilted with respect to the ring, which is 

planar.  The tilt of the amino group is such that its lone-pair of electrons tilt about 10˚ 

towards H5, and likewise H8 on the amino is tilted toward N3, perhaps from weak 

electrostatic interactions.  The geometry of Re(S0) is shown in Figure 3.2a.  Table 3.1 

presents the vertical excitation energies using MRCI1, MRCIσπ1 and 

MRCIσπ2 expansions, as well as the energies of all other points presented in this paper.  

Selected bond lengths and angles for all points are given in Table 3.2, with a complete 

table of bond lengths and angles given in Supporting Information (Appendix B, Table SI-

3.1).  MRCIσπ1 and MRCIσπ2 energies for the ground state were calculated using the 

converged geometry obtained at the MRCI1 level.  The S1 state is the bright ��* state 

with an oscillator strength of 0.067.  S2 is a dark nN�* state with oscillator strength of 

0.002, and S3 is a dark nO�* state with oscillator strength of 0.001.  This order of state 

character is conserved at all three levels of MRCI.  Assigning orbital character to each 

excited state was challenging when using the CAS-MO basis set and the MRCI wave 

function coefficients, since the non-bonding MOs were quite mixed, and so were the 

resulting MRCI CSFs.  A more absolute assignment was accomplished by analyzing the 

direction of the static state dipole moments, and also verified by the change in Mulliken 

charges for N3 and O8, compared to the Mulliken charges on these atoms for the S0 state.  

Because of the planarity of the ring, the orientation of the static state dipole can be 

approximated by its in-plane components.  The dipole orientation angle is defined in 

Figure 3.1.  The ground state has a dipole orientation of 	=159.8˚, and a magnitude of 



 102 

5.90 D.  The dipole of S1 state has an orientation of 	=141˚, and its magnitude is 

approximately twice that of S2 and S3 (4.33 D, compared to 2.32 D for S2 and 1.72 D for 

S3), showing that the charge on N3 and O8 has remained relatively fixed, as expected 

from a ��* character.  The state dipole for the S2 state reflects the loss of N3 charge with 

an orientation that is dominated by the carbonyl dipole (	=177˚, as defined in Figure 3.1), 

and thus S2 is assigned nN�* character.  The S3 state displays a dipole orientation of 

	=119˚, reflecting loss of charge from the oxygen, and so this state is assigned nO�* 

character. 

 

b)  Re(S1)min

f) Re(S1)sp,twist

N1N3
O8

C5

C2

C4 C6N7

d) Re(S1)sp1,sofa

C5 C6
C6C5

H6
H5

c) Re(S1)’min

e) Re(S1)sp2,sofa

a)  Re(S0)
N7 N3C5

C6 N1
C2 O8

 
Figure 3.2.  Ground State and S1 Stationary Points.  The geometries are a) Re(S0), b) Re(S1)min, c) 

Re(S1)’min, d) Re(S1)sp1,sofa, e) Re(S1)sp2,sofa and f) Re(S1)sp,twist, with arrows showing the respective 

dominant atomic motions on the imaginary vector of each saddle point.   
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MRCI1 results S0 S1 S2 S3 

Re(S0) 0.000a 
5.101 ��*  
(f = 0.067)b 

5.394 nN�*  
(f = 0.002)b 

5.888 nO�*  
(f = 0.001)b 

Rx(ci12)’ 0.728 4.638 4.638 5.301 
Rx(ci12) 1.687 4.207 4.207 6.122 
Rx(ci23) 0.740 4.456 4.847 4.847 
Re(S1)min 1.519 4.112 (3.965)c 4.464 5.956 
Re(S1)sp1,sofa 1.451 4.285 (4.091)c 5.264 5.468 
Re(S1)sp2,sofa 2.746 4.235 (4.116)c 6.295 7.021 
Re(S1)’min 3.782 4.123 (4.095)c 6.444 7.222 
Re(S1)sp,twist 2.241 4.313 (4.130)c 5.789 6.073 
Rx(ci01)sofa 4.133 4.133 6.645 7.382 
Rx(ci01)twist 4.186 4.186 7.350 7.644 
Rx(ci01)’ 4.744 4.744 5.290 8.146 
Expt. Abs.d  4.700  5.333 5.631 
Expt. 0-0 Origine  3.965   
     
MRCIσσσσππππ1 results S0 S1 S2 S3 
Re(S0) 0.000f 4.941 5.131 5.625 
Rx(ci12)’ 0.575 4.425 4.531 5.018 
Rx(ci23) 0.553 4.353 4.579 4.618 
Re(S1)sp1,sofa 1.416 4.292 5.153 5.433 
Re(S1)sp2,sofa 2.708 4.300 6.281 6.281 

Re(S1)min
g 1.038 4.035 4.380 5.520 

Re(S1)sp,twist 2.151 4.362 5.785 6.019 

Re(S1)’min 3.670 4.331 6.422 7.107 

Rx(ci01)sofa
g 4.406 4.406 6.715 7.294 

Rx(ci01)twist
g 4.260 4.260 7.097 7.416 

 

Table 3.1.  S0 to S3 energies at three levels of correlation for various geometries of cytosine.  All 

values are in eV referenced to the S0 of the minimized ground state at the MRCI level indicated.  a 

MRCI1 S0 energy for ground state in is -392.775646 Hartree.  b f is the oscillator strength. c Italics 

numbers in parentheses are zero-point energy corrected energies in eV.   

dReference:  Žaloudek et al149.  e Nir et al.150  f MRCIσπ1 S0 energy for ground state in is -

392.911623 Hartree.  g  Indicates geometry was optimized at the MRCIσ�1 level, otherwise the 

geometry used was optimized at the MRCI1 level.  h MRCIσπ2 S0 energy for ground state is -

393.034481 Hartree.
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MRCIσσσσππππ2 results S0 S1 S2 S3 
Re(S0) 0.000h 5.136 5.289 5.927 
Re(S1)min

g 1.090 4.311(4.164)c   
Re(S1)sp1,sofa 1.352 4.447(4.303)c   
Re(S1)sp2,sofa 2.424 4.283(4.164)c   
Re(S1)sp,twist 2.055 4.459(4.276)c   
Re(S1)’min 3.376 4.381(4.353)c   
Rx(ci01)sofa

g 4.091 4.446   
Rx(ci01)twist

g 3.897 4.063   
 

Table 3.1 continued.  S0 to S3 energies at three levels of correlation for various geometries of 

cytosine.  All values are in eV referenced to the S0 of the minimized ground state at the MRCI 

level indicated.  a MRCI1 S0 energy for ground state in is -392.775646 Hartree.  b f is the 

oscillator strength. c Italics numbers in parentheses are zero-point energy corrected energies in 

eV.  dReference:  Žaloudek et al149.  e Nir et al.150  f MRCIσπ1 S0 energy for ground state in is -

392.911623 Hartree.  g  Indicates geometry was optimized at the MRCIσ�1 level, otherwise the 

geometry used was optimized at the MRCI1 level.  h MRCIσπ2 S0 energy for ground state is -

393.034481 Hartree. 
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 Re(S0) 
MRCI1 

Re(S1)min 
MRCIσπ1 

Re(S1)sp1,sofa
 

MRCI1 
Re(S1)sp2,sofa

 

MRCI1 
Re(S1)’min 
MRCI1 

Re(S1)sp,twist 
MRCI1 

N3-C2 1.383 1.295 1.336 1.389 1.406 1.321 
N1-C2 1.403 1.373 1.397 1.397 1.382 1.491 
N1-C6 1.354 1.398 1.383 1.396 1.390 1.357 
C5-C6 1.356 1.418 1.424 1.378 1.352 1.476 
C4-N3 1.298 1.399 1.405 1.403 1.423 1.372 
C4-N7 1.380 1.402 1.395 1.404 1.413 1.401 
C4-C5 1.443 1.383 1.370 1.418 1.475 1.377 
C2-O8 1.195 1.296 1.221 1.192 1.194 1.218 
C4-N3-C2 120.1 115.9 121.1 120.4 114.3 118.6 
C6-N1-C2 123.6 118.7 120.3 120.7 121.7 113.9 
N1-C2-N3 116.4 125.3 115.4 107.0 111.0 119.0 
O8-C2-N3 123.8 121.4 124.7 128.1 124.4 128.4 
O8-C2-N1 119.8 113.3 119.5 124.1 124.2 112.6 
C5-C6-N1 119.7 115.5 119.9 122.4 121.2 111.9 
C4-C5-C6 116.1 119.4 116.4 116.4 116.1 116.9 
N7-C4-N3 117.9 114.0 115.1 117.5 114.5 115.0 
C5-C4-N3 124.1 121.2 116.5 110.3 109.0 122.1 
C5-C4-N7 118.0 124.7 128.4 126.4 118.5 122.7 

 
Rx(ci01)sofa 

 MRCIσπ1 
Rx(ci01)twist 

MRCIσπ1 
Rx(ci01)’ 
MRCI1 

Rx(ci12) 
 MRCI1 

Rx(ci12)’ 
 MRCI1 

Rx(ci23) 
 MRCI1 

N3-C2 1.403 1.380 1.241 1.278 1.345 1.338 
N1-C2 1.371 1.443 1.347 1.358 1.390 1.374 
N1-C6 1.394 1.357 1.429 1.403 1.388 1.464 
C5-C6 1.359 1.464 1.486 1.424 1.423 1.316 
C4-N3 1.462 1.314 1.453 1.401 1.397 1.350 
C4-N7 1.417 1.367 1.401 1.397 1.394 1.421 
C4-C5 1.482 1.453 1.338 1.369 1.367 1.447 
C2-O8 1.207 1.206 1.389 1.326 1.215 1.273 
C4-N3-C2 111.9 119.2 111.9 115.5 126.4 128.3 
C6-N1-C2 120.2 115.5 114.1 119.1 123.2 120.9 
N1-C2-N3 112.6 119.2 131.0 127.2 114.7 114.9 
O8-C2-N3 121.6 124.0 122.8 119.6 125.2 126.1 
O8-C2-N1 125.7 116.8 105.9 113.2 120.1 119.0 
C5-C6-N1 120.8 110.5 111.8 115.0 118.6 120.4 
C4-C5-C6 117.6 112.2 118.1 120.0 119.4 119.0 
N7-C4-N3 113.2 118.6 111.0 113.1 114.9 118.5 
C5-C4-N3 106.6 120.7 120.7 122.2 117.6 116.5 
C5-C4-N7 117.3 120.1 127.9 124.4 127.4 124.8 

 
Table 3.2.  Selected bond lengths and angles for stationary points and conical intersections.  

Bond lengths are in Å, angles are in degrees.  Geometries are optimized at MRCI1 or MRCIσ�1 

level, as indicated in the column heading for each geometry. 
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The assignment of the ��* character to S1 in cytosine is supported almost 

universally in the literature by other researchers using a wide variety of theoretical 

methods such as CIS,99 CASPT2,130 quasi-degenerate second-order perturbation theory 

(QDPT2),99 DFT/MRCI,100 and early MRCI utilizing only several thousand CSFs.151  The 

assignments of character to the S2 and S3 n�* states, however, are not generally 

consistent, with S2 being nN�* and S3 being nO�* in some reports and reversed in others.   

Indeed, the results of our own multi-configuration self consistent field (MCSCF) 

calculations show S2 as nO�* and S3 as nN�* when using MOs averaged over four states, 

but these assignments switch when the MOs are averaged over five states.  It is clear, 

however, that in both of these cases the nonbond orbitals are quite mixed, with an 

assignment of nN�* being given to a state that is mostly excitation from N3 but with a 

significant, although lesser, amount of excitation from nO possible as well.  MRCI 

calculations on the ground state geometry using either of these two generated sets of 

MOs, however, consistently show S2 to be excitation from the N3 nonbond and show S3 

as excitation from the O8 nonbond. 

The energies of S1, S2 and S3 at the MRCI1 level are, respectively, 5.10 eV, 5.39 

eV and 5.89 eV.  At the MRCIσ�1 level these energies are 4.94 eV, 5.13 eV and 5.63 eV, 

reflecting a stabilization of about 0.2 eV for each state when �-π correlation is included 

in the wave function.  When the highest level of correlation is included at the MRCIσ�2 

level, however, the energies destabilize somewhat to 5.14 eV, 5.29 eV and 5.93 eV, 

respectively.  Experimentally, crystalline cytosine, with corrections to approximate an 

isolated molecule, gives its maximum absorbance at 37,900 cm-1, or 4.70 eV.149  This 

translates into an error of 5.0 – 8.5% for MRCI.  The next two bands, characterized as 
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excitations from non-bond orbitals to the �*, had low intensity and were observed at 

43,000 cm-1 and 45,400 cm-1, or 5.33 eV and 5.63 eV, making the error for MRCIσ�2 

0.8% and about 5% for these states, respectively.    

3.3.1.2  S1 Stationary Points 

The S1 ��* surface from vertical excitation leads through a mass-weighted 

gradient-directed path to a minimum, verified by frequency analysis,152 at 4.31 eV 

(MRCI��2).  The zero-point energy corrected value is 4.16 eV which is 0.2 eV higher 

than the experimental 0−0 origin.150  Table 3.1 gives the first four energy levels for this 

geometry at the MRCI1 and MRCI��1 levels and the first two energies at the MRCI��2 

level.  Bond lengths and bond angles for this point are given in Table 3.2.  This minimum 

will be called Re(S1)min, and it is the global minimum at the MRCI1 and MRCI��1 levels. 

Its structure can be viewed in Figure 3.2b.  The geometry of Re(S1)min, compared with the 

geometry of Re(S0), displays a stretching of the C2−O8 bond of about 0.1 Å, as well as a 

slight butterfly fold in the ring along the N1−C4 axis.  The character of this S1 minimum 

is primarily ��*, with a lesser amount of nO�* mixed in, as is reflected in the stretching 

of the carbonyl bond.  At this geometry, S2 is 0.3 eV higher than S1 (MRCI1) and is 

primarily nO�* in character with a lesser amount of ��* mixed in. S3 is more than 1.5 eV 

higher (MRCI1) and is a nN�* state. 

A second verified minimum, labeled Re(S1)’min, was also found on the S1 surface 

using MRCI1 gradients.  Its energy is 4.38 eV at the MRCIσ�2 level.  Its first four 

energies at the MRCI1 and MRCIσ�1 levels, and the first two at the MRCIσ�2 level, are 

listed in Table 3.1, and its geometry can be viewed in Table 3.2 and Figure 3.2c.  The 

ring in Re(S1)’min is also distorted out of the planarity of the ground state geometry, but 
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rather than the butterfly-fold displayed by Re(S1)min, Re(S1)’min is distorted in a “sofa” or 

“envelope” conformation, with N3 puckered out of plane, and the other five ring atoms 

remaining largely coplanar.  Atom C4 is strongly pyramidalized, with the other ring 

atoms remaining relatively unpyramidalized.  The character of this S1 minimum is 

primarily excitation from the N3 pz orbital to the C4 pz orbital.  If the ring was planar this 

character would be assigned as ��*, but with N3 being distorted significantly out of 

plane, this pz orbital is for the most part decoupled from the � system.  Likewise, 

pyramidalization of C4 has forced hybridization of its pz orbital, and it is also decoupled 

from the � system.  Thus, it is probably more accurate to characterize the state at this 

distorted geometry as a N3/C4 diradical.  S2 and S3 at this geometry are very high in 

energy, at 6.44 and 7.22 eV, respectively, at the MRCI1 level.  These two states are 

essentially pure n�* in character, and their energetic remoteness from S1 results in almost 

no n�* mixing with the S1 state, as is seen by analysis of the MRCI wave function 

coefficients. 

Three verified first-order saddle points were also located on the S1 surface at the 

MRCI1 level.  The first four energies of these points at the MRCI1 and MRCIσ�1 levels, 

and the first two energies at the MRCIσ�2 level, are presented in Table 3.1.  Two of the 

three saddle points located at the MRCI1 level display a “sofa” distortion with the N3 

atom distorting out of the plane.   Their structures are presented in Figure 3.2d and 2e, 

and bonds and angles are presented in Table 3.2. The dominant atomic motions on the 

imaginary vectors of both saddle points are shown with arrows in Figure 3.2.  Both, 

labeled Re(S1)sp1,sofa and Re(S1)sp2,sofa, have geometries intermediate between the two 

minima Re(S1)min and Re(S1)’min, with Re(S1)sp2,sofa having its conformation closer to the 
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“sofa” conformation than the “butterfly” conformation.  Re(S1)sp1,sofa is considered the 

main barrier along the sofa region of S1, at 4.45 eV at the MRCIσ�2 level, constituting a 

barrier of 0.14 eV higher than Re(S1)min at this level of dynamical correlation.  The 

imaginary frequency of this saddle point is 502.5i cm-1, and the dominant motion of this 

vector is that of N3 distorting in and out of plane.  The second S1 saddle point in this 

region, Re(S1)sp2,sofa, has an imaginary frequency of 198.2i cm-1, and its dominant atomic 

motions are the amino group moving out of plane, with pyramidalization of C4, 

approaching the sofa conformation of Re(S1)’min.  N3 remains relatively motionless in this 

imaginary vector.  Its S1 energy at the MRCI1 level is 4.24 eV, only about 0.12 eV higher 

than that of Re(S1)min and Re(S1)’min, and its character is predominantly ��*.  In section 

3.1.4 we will show that these two minima are connected through these two saddle points.  

At the MRCIσ�2 level Re(S1)sp2,sofa stabilizes to 4.28 eV, which is actually slightly lower 

than the S1 energy of  Re(S1)min  at this correlation level. This is a consequence of 

optimizing the geometries at a different level of correlation when the surface is very flat, 

and thus sensitive to correlation. Like Re(S1)’min, the S2 and S3 energies at Re(S1)sp2,sofa are 

above 6 eV, and those states are nO�* and nN�*, respectively, and not significantly 

influencing the character of S1 in this region. 

The third saddle point located on the S1 surface involves a distortion very different 

than those described above for Re(S1)sp1,sofa and Re(S1)sp2,sofa.  Re(S1)sp,twist  has an S1 

energy of 4.46 eV at the MRCIσ�2 level.  It has an imaginary frequency of 318.9i cm-1.  

Its conformational distortion is the result of a dihedral twisting of the C5-C6 bond, with 

slight pyramidalization of those atoms.  Its imaginary vector, shown in Figure 3.2e, is 

dominated by opposite out-of-plane motions of atoms H5 and H6 as the C5-C6 bond 
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twists, and those two carbons pyramidalize somewhat.   Because of this twisting about 

the C5-C6 bond, we label this region of S1 relative to Re(S1)min the “twist” region.   

At the MRCI1 and especially the MRCIσ�1 levels, the energy gap between 

Re(S1)’sp,twist and the S1 energy of Re(S1)min is as much as 0.3 eV, but the results of higher 

correlation at the MRCIσ�2 level show that the topology of the S1 surface changes, and 

this energy barrier decreases.  Indeed, when the most dynamical correlation is included in 

the wave function, the energy of Re(S1)min raises by about 0.2 eV to 4.31 eV, and the 

MRCIσ�2 energy of Re(S1)sp,twist is only about 0.15 eV higher than Re(S1)min, at 4.46 eV.  

This is only about a 3.5 kcal/mol barrier, and easily accessible by the S1 population at 

Re(S1)min, which has excess vibrational energy from vertical excitation.   

3.3.1.3  Conical Intersections 

Conical intersections between energy surfaces provide an efficient channel for 

radiationless transitions and fluorescence quenching.  The conical intersections of 

cytosine that are important for its photophysics are presented here.  Their energies, as 

well as the topography of their features, contribute to their role in the behavior of the 

photoexcited molecule.  Other conical intersections, less directly involved in the 

photophysics of cytosine, will also be presented in this section.   

The topography of the potential PESs in the vicinity of conical intersections can 

play a significant role in the efficacy of a conical intersection to promote a nonadiabatic 

transition, as has been presented previously.38,41,44,45,136,138,153,154  For cytosine, which has 

a 33-dimensional coordinate space, the seam space, where two PESs I and J are 

degenerate, is spanned by 33 – 2 = 31 degrees of freedom, with the remaining two 

degrees of freedom being the branching coordinates, which lift the degeneracy linearly 



 111 

from the conical intersection.  These two branching coordinates are the tuning vector and 

the coupling vector,41 and are denoted as gIJ and hIJ, respectively, using Yarkony’s 

notation.44,45  gIJ is the energy difference gradient, and hIJ is the gradient of the coupling 

between states I and J.  They are defined mathematically by  

 [ ]IJ
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where EI and ΨI  are the energy and eigenfunction of state I, respectively.  The 

topography of the conical intersection in the branching plane is given in terms of the 

parameters g, h, sx, sy.
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  The energies of the intersecting states I and J are then given by 

 2 2
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where x and y are displacements along the gIJ and hIJ directions, and g and h are the 

slopes along those two directions, respectively, and sx and sy give the tilt of the cone.44   

These parameters are used here to characterize the topography of the conical intersections 

found. 

 Although the points reported in this work are minima on the seam hypersurface, it 

is not suggested that actual nonadiabatic dynamics occurs only at these points.  Indeed, it 

has been shown that depending on the accessibility of the seam relevant to the reaction 

pathways, and on the initial wavepacket conditions, extended or narrow ranges of the 

seam may be important to the dynamics.156,157  The present study focuses on whether 

these seams are energetically accessible to enable radiationless decay that will compete 

with radiative fluorescence.  The minimum energy point then serves as the lower bound.  

If there is not enough energy available to access that point then there is definitely not 
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enough energy to access the energetically higher regions on the seam.  A quantitative 

discussion that would provide vibrational distributions, rates and quantum yields would 

require dynamics and the description of a larger part of the seam.  This is beyond the 

scope of the present work. 

3.3.1.3.1  Rx(ci01)sofa and Rx(ci01)twist.  The ability of cytosine to undergo ultra-

fast radiationless decay depends on several factors, one of which is the ability of the 

excited S1 population to energetically access an intersection with the ground state.  Thus, 

the location of the S0-S1 seams is crucial to predicting the photophysical behavior of the 

molecule.  Two such seams, corresponding to the two different kinds of conformational 

distortion compared to Re(S1)min, as described earlier, were located in cytosine. Both have 

S0/S1 minimum energies approximately equal to or lower than the minimum on the S1 

surface, depending on the level of correlation included, and S0 for each corresponds to the 

ground state closed-shell PES.  The minimum energy points on the conical intersection 

seams are labeled Rx(ci01)sofa and Rx(ci01)twist.  Figure 3.3 shows their geometries, and 

Figure 3.4 shows the branching vectors at these conical intersections. Energies are listed 

in Table 3.1 for all three levels of correlation, and bond and angle data are listed in Table 

3.2.  Rx(ci01)sofa has a conformation very similar to Re(S1)’min and Re(S1)sp2,sofa, with N3 

distorted out of plane in a sofa conformation and strong C4 pyramidalization.  Its energy 

is 4.10 eV at the MRCI1 level.  Optimizing the MRCI1 geometry at the MRCIσ�1 level 

increases the energy to 4.41 eV, and when higher correlation at the MRCIσ�2 is 

included, this geometry gives an S0 energy of 4.09 eV and an S1 energy of 4.45 eV.  The 

average of these energies is 4.27 eV, which is lower in energy than Re(S1)min, Re(S1)’min, 

Re(S1)sp1,sofa or Re(S1)sp2,sofa.  The highest barrier between this ci01 and Re(S1)min is only 
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3.5 kcal/mol, and thus population from vertical excitation should have clear access to this 

ci01, making this conical intersection a viable channel for ultra-fast radiationless decay of 

the excited population to the ground state.  The character of the S1 state at this ci is 

virtually the same as that of Re(S1)’min, a diradical with excitation primarily from the 

distorted N3 pz orbital (shown in Figure 3.5c) to the hybridized orbital on the 

pyramidalized C4 atom (shown in Figure 3.5d).   The topology of this ci01 is shown in 

Figure 3.5a, and cone parameters are given in Table 3.3.  It is tilted and relatively 

symmetric. 

 
Figure 3.3.  Optimized geometries of conical intersections found in cytosine.  Geometries shown 

with top-down views are close to planar Cs symmetry.  Those that distort out of plane are shown 

from the side, oriented to highlight the dominant distortion.   

 

It should be noted here that Rx(ci01)sofa is conformationally very similar to a ci01 

found in cytosine by Ismail et al98 and also Merchán et al.97  The authors assigned closed-

shell/nN�* character to this ci01, but while it was energetically favored compared to the  
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Rx(ci01)sofa

Rx(ci01)twistgIJ hIJ

 

Figure 3.4.  Branching vectors for Rx(ci01)sofa and Rx(ci01)twist.  The gIJ vectors are shown on the 

left, the hIJ vector are shown on the right.  Arrows correspond to the dominant motions of atoms 

on these vectors. 
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Figure 3.5.  Topographies at Rx(ci01)sofa and Rx(ci01)twist and the molecular orbitals involved in 

their S1 surfaces.   a) and b) S0 and S1 energies along the branching plane for Rx(ci01)sofa and 

Rx(ci01)twist, respectively, are shown, using Equation 3 and the cone parameter values for these 

conical intersections given in Table 3.3.  E0 is the S0/S1 energy of the ci.  c) and d) Molecular 

orbitals dominantly excited from and to, respectively, for Rx(ci01)sofa.  e) and f) Molecular 

orbitals dominantly excited from and to, respectively, for Rx(ci01)twist. 
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S1 minimum, CASSCF or CASPT2 gave a substantial barrier on that region of the S1 

surface.  MRCI does give a barrier separating Re(S1)min from Rx(ci01)sofa, but it is small. 

Another S0-S1 seam involving the ground state surface was located in cytosine with 

MRCI.  This conical intersection, labeled Rx(ci01)twist, displays conformational distortion 

primarily as a result of a 114.8˚ dihedral twist around the C5-C6 bond, as well as some 

pyramidalization of those atoms, with the rest of the ring atoms following this primary 

distortion.  Its character is best described as ��*, with primary excitation from the pz 

orbitals on C5, N1 and O8 to the C6 pz orbital, as shown in Figures 5c and 5d.  N1 is 

somewhat out of plane, and is pyramidalized.  Rx(ci01)twist has an S0/S1 average energy of 

3.98 eV at the MRCIσ�2.  Given that the energy at this level of theory for the saddle 

point separating this ci01 from the global MRCIσ�2 minimum is less than 0.20 eV above 

the minimum, this ci01 is not only energetically accessible by a vibrationally excited S1 

population, it is the energetically favored channel to the ground state surface, being about 

0.3 eV lower than that of the minimum or Rx(ci01)sofa.  The topography for this conical 

intersection, shown in Figure 3.5b, displays a vertical ci, which is the ideal topography 

for efficient nonadiabatic transitions from an upper to a lower adiabatic surface, in this 

case S1 to S0.  Marian et al100 and also Zgierski et al99 located a similar energetically 

accessible ci01 using DFT/MRCI, also having a C5-C6 bond twist, with a reported H5-C5-

C6-H6 dihedral angle only about 10˚ more than our results from MRCI. 

Experimentally it has been shown that cytosine retains its sub-picosecond lifetime 

in low pH environment.142  It has been argued98 that N3 should be protonated in this case, 

thus removing a decay channel which includes excitation from N3, Rx(ci01)sofa in our 

study.  Then the relative lack of change in the lifetime for protonated cytidine could 
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indicate that the S1 pathway to this ci01 is blocked by a barrier, implying that this decay 

channel in unprotonated Cyt is energetically inaccessible.  However, in our current study 

dynamical correlation energetically favors decay through the lower energy Rx(ci01)twist, 

which does not involve N3 excitation, and so should not be affected by pH changes, 

regardless of the predicted effect of an acidic environment on the viability of Rx(ci01)sofa, 

or whether that ci01 is blocked by a barrier. 

 

 sx sy g h 

Rx(ci12) -0.0121 -0.0026 0.0403 0.0102 

Rx(ci12)’ -0.0337 0.0004 0.1293 0.0248 

Rx(ci23) 0.0190 -0.0395 0.0456 0.2079 

Rx(ci01)sofa -0.1113 0.0479 0.1119 0.0896 

Rx(ci01)twist 0.0130 -0.2945 0.0224 0.0982 

Rx(ci01)’ 0.2898 0.0072 0.1391 0.0406 

Table 3.3:  Cone parameters for six conical intersections. Cone parameters, as defined in 

Equation 3, for six optimized conical intersections found in cytosine.   

 

3.3.1.3.2  Other conical intersections.  Additional conical intersections were 

located in cytosine.  Their energies are below vertical excitation, and, although they are 

not encountered here in a direct mechanism of the S1 surface deactivation, they could be 

accessed if the system absorbs higher energy photons, or they may be indirectly involved 

in the excited state dynamics of cytosine.  Two conical intersection seams between the S1 

and S2 states were found.  Their energies are presented in Table 3.1, their bond lengths 

and bond angles are listed in Table 3.2, the values of the cone parameters presented in 

Equation 3 are listed in Table 3.3, and optimized geometries are shown in Figure 3.3.  

One of these, labeled Rx(ci12), at 4.21 eV (MRCI1), is the lowest energy point on a S1-S2 
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seam found for cytosine, and it has nOπ*/ππ* character, which is reflected in a 0.13 Å 

increase in the C2-O8 bond length.  This conical intersection is close to planar, with a 

slight chair-like conformational distortion, angling C4 and the amino N7 above above the 

plane, while angling N1 slightly below the plane.  This is clearly seen in the side view 

shown in Figure 3.3.  Most interesting is the fact that all the bond and angle values of this 

conical intersection are very closely matched with those of Re(S1)min, indicating its 

proximity to that minimum.  The second ci12, labeled Rx(ci12)’, at 4.64 eV (MRCI1), 

was located by optimizing the S1-S2 crossing seam from vertical excitation.  The energies 

of S1 and S2
 are very close upon vertical excitation, and thus the S1-S2 seam is easily 

accessed.  This conical intersection has nNπ*/ππ* character.  The geometry at the 

minimum energy point on the seam has approximately Cs symmetry, except for the 

pyramidalized amino nitrogen.   Both of these conical intersections could serve to funnel 

higher energy populations onto the ��* surface. 

Two additional conical intersection seams were located in cytosine.  The MRCI1-

optimized geometries are shown in Figure 3.3, energies are listed in Table 3.1, and bonds 

and angles are listed in Table 3.2.  Cone parameters are listed in Table 3.3. An S2-S3 

minimum energy conical intersection on the nNπ∗/nOπ∗ seam was found at 4.84 eV 

(MRCI1, Table 3.1).  This ci is named Rx(ci23). The geometry is planar, although the 

amino N7 is pyramidalized.  The crossing of the nN�* and nO�* states changes the 

character of the S2 state, and thus the change in the mixing of the character of state S2 

with S1 is possibly responsible for the barriers located on the S1 surface.  The remaining 

conical intersection located for cytosine is a ci01, named Rx(ci01)’, located at 4.74 eV 

(MRCI1), but it is a stationary point on the ��*/nO�* seam, with neither of the states 
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having closed-shell character.  The closed-shell state is at 5.29 eV.  The geometry of this 

ci resembles the conical intersection found by Merchán and Serrano-Andrés,97 although 

the two states in their case were gs/��*.  Since S1, S2 and S3 are very close in energy, the 

order of state characters could be very sensitive to the level of correlation used in the 

calculations.   

3.3.1.4 Pathways 

In this section we will examine how the previously discussed geometries can be 

connected to enable accessibility to conical intersections and efficient radiationless 

decay.   A minimum energy path along the bright ��* S1 state starting from vertical 

excitation (5.14 eV, MRCIσ�2 level) leads to Re(S1)min, as shown in Figure 3.6, without 

barriers or state switches.  The figure shows the first four MRCI1 energy levels along this 

pathway.  Along this pathway the S2 quickly switches character from nN�* to nO�*, as 

seen by the crossing between S2 and S3, involving the ci23 presented in the previous 

section.  The coordinate chosen for this plot is the carbonyl bond stretch, with increases 

as the S2 nO�* state stabilizes to an energy close to S1, thus mixing this character into S1 

somewhat. 

Figure 3.7 shows the accessibility of the two gs/��* conical intersections 

presented in the previous section, Rx(ci01)sofa and Rx(ci01)twist, from Re(S1)min.  Re(S1)min 

is connected to the two saddle points, Re(S1)sp1,sofa and Re(S1)sp,twist, corresponding to two 

different conformational changes.  The figure shows these two conformational change 

directions, “twist” and “sofa”, from Re(S1)min on the S1 surface, along with the rest of the 

first five energy levels calculated at the MRCI1 level.  The figure is several combined 

energy plots between optimized geometries described in previous sections.  The vertical  
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Figure 3.6.  Mass-weighted gradient-driven pathway from vertical excitation, following the 

MRCI1 gradient of the S1 state, leading to Re(S1)min.  Energies in eV of the first four singlet states 

relative to the minimum of S0 are plotted as a function of the carbonyl bond length, R(C2-O8), in 

Å. 

 

lines correspond to these optimized geometries, shown under the plot, which are 

connected within each region. The energies for Re(S1)min are shown in the center of the 

plot, with energy pathways along the “sofa” direction to the right (regions A to D), and in 

the “twist” direction to the left (regions A’ to C’). 

In the “sofa” direction, Re(S1)min is connected to the ci through two saddle points 

and a second minimum.  Region A shows N3 distorting out of plane in a sofa fashion to 

Re(S1)sp1,sofa.   The S1 region around this saddle point is too flat to effectively sample via 

the gradient, but linear interpolation shows no additional barriers or minima on the S1 

surface in region A.  S2 here is nO�*, and is rising in energy.  This is reflected in the 

carbonyl compressing from the minimum to Re(S1)sp1,sofa.  S3 is nN�* in this region, and is 
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falling in energy.  S4 is a second nO�* state.  In region B, from Re(S1)sp1,sofa to 

Re(S1)sp2,sofa, the amino is going more out of plane with the ring and C4 is starting to 

pyramidalize at Re(S1)sp2,sofa.  This region is also very flat, and so LI was used to connect 

these two saddle points, showing no additional features between them.  An avoided 

crossing can be seen at the geometry of Re(S1)sp1,sofa between S2 and S3, resulting from the 

S2/S3 ci described earlier.  Further pyramidalizing C4 in this way leads to Re(S1)’min 

(region C), with the S1 character primarily an N3/C4 diradical.  S2 to S4 in this region are 

rising steeply to greater than 6 eV, resulting in little mixing of non-bond character into 

the S1 state from Re(S1)’min and onward in this direction.  Further distortion in the same 

fashion (region D) eventually leads to the sofa Rx(ci01)sofa conical intersection.  This 

region was also sampled with LI.  The character of Re(S1)’min and Rx(ci01)sofa are both 

described as N3/C4 diradicals. 

The pathways connecting Re(S1)min to Rx(ci01)twist are presented in Figure 3.7 to 

the left of Re(S1)min, in regions A’ to C’.  The distortion in this direction is that of a 

twisting about the C5-C6 bond, and this motion of atoms leads to the saddle point 

Re(S1)sp,twist (region A’), where the imaginary vector is precisely this C5-C6 twisting.  The 

plot in this region is a mass-weighted gradient-directed pathway from the saddle point 

Re(S1)sp,twist to Re(S1)min.  S2 in this region is nO�*, which is rising as the system evolves 

from Re(S1)min towards  Re(S1)sp,twist.  Commensurately, the carbonyl bond is compressing 

in this direction, from 1.30 Å at Re(S1)min to 1.22 Å at the saddle point.  S3 in region A’ is 

nN�* mixed with ��*, which crosses S2 near the geometry of the S1 saddle point.  S4 is a 

second ��* state in this region.  Further twisting of the C5-C6 bond (region B’) leads from 

the barrier downhill to a very flat region of S1, where the gradient is almost zero, to an 
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Figure 3.7.  The two directions of conformational distortion along the minimum energy pathway 

of S1 cytosine from Re(S1)min.  The first five singlet state energies at the MRCI1 level are shown 

for the photophysically important S1 points with pathway regions connecting them, with 

structures shown below.  Units of energy are eV with respect to the minimum ground state 

energy.  Regions A through D correspond to paths through optimized geometries along the “sofa” 

distortion direction, as described in the text.  Regions A’ through C’ correspond to paths through 

optimized geometries along the “twist” distortion direction.  “LI” means the path was calculated 

with linear interpolation.  The coordinates for the two gradient paths are described in the text. 
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intermediate geometry, shown at the border of regions B’ and C’.  Attempts to locate a 

stationary point here were unsuccessful, as the system tends to go towards the S0-S1 seam 

with the routine we use for this purpose, and indeed linearly interpolating from this 

geometry to the twist Rx(ci01)twist (region C’) gives an essentially flat, but slightly 

downhill path to the ci01.  In regions B’ and C’ S2 to S4, are all mixed character of nO�*, 

nN�* and ��*, and all three are around 6 eV or higher and not significantly influencing 

the character of S1, which is ��* and quite delocalized throughout the entire path from 

Re(S1)min to Rx(ci01)twist.  At the ci the H5-C5-C6-H6 dihedral angle has increased to 

114.8˚, and N1 is somewhat out of plane and pyramidalized.  Similar to the sofa region, 

energies calculated at the MRCIσ�2 level for geometries in the twist region give the 

barrier at Re(S1)sp,twist as only about 0.15 eV higher than the minimum on the S1 surface, 

and so is not considered large enough to impede the highly vibrationally excited S1 

population from reaching Rx(ci01)twist.  Furthermore, a small barrier is consistent with the 

experimental observations of a break-off of the REMPI spectrum close to the 0-0 

origin.150  Significantly, as was previously mentioned, the MRCIσ�2 energy of this ci01 

is about 0.3 eV lower than the global MRCIσ�2 minimum, further supporting this ci as 

the energetically favored channel for radiationless decay of photoexcited cytosine.  

Gradient directed paths on S0 from both Rx(ci01)sofa and Rx(ci01)twist lead to the 

equilibrium ground state geometry.    

 

3.3.2 Comparisons Between Cytosine And 5M2P 

Recently we reported a detailed ab initio analysis of the fluorescence mechanism 

of 5-methyl-2-pyrimidinone (5M2P), a fluorescent cytosine analog, the structure of which 
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is shown in Figure 3.1.10  Our interest in this DNA base analog is in the differences and 

similarities 5M2P has compared to cytosine.  In this section, we will discuss many of the 

structural and electronic similarities and differences between these two bases. 

Figure 3.8 shows the MRCIσ�2 results from that previous study on 5M2P, along 

with results for cytosine at the same level of theory.  Energetically, it can be seen that the 

initial vertical excitation for cytosine is 5.14 eV, while for 5M2P it is only 4.37 eV, lower 

by about 0.8 eV.  The S1 energies away from the Franck-Condon region are comparable 

energetically for the two bases, with S1 surface for cytosine on average about 0.2 eV 

higher than the S1 surface for 5M2P.  Therefore, initial excitation creates more excess 

vibrational energy in cytosine than in 5M2P. In 5M2P there exists a low energy 

minimum, at 3.92 eV, which is below the energetically lowest ci01 by about 0.3 eV, low 

enough to bind vibrational states and eventually fluoresce.   In cytosine, this portion of 

the S1 surface, towards the Rx(ci01)sofa, contains a small barrier but is essentially flat all 

the way to the ci, so this, by contrast, constitutes a viable radiationless decay channel.  

Cytosine has a second low energy decay channel to the ground state as well, the twist 

ci01, while the geometrically similar twist ci01 for 5M2P is about 0.4 eV above the 

global minimum on the S1 surface.  Thus, excluding any structural comparisons, MRCI 

supports efficient radiationless decay in cytosine but not in 5M2P, based on these energy 

differences. 

Interestingly, the S0 energy in the sofa region differs significantly for the two 

bases, with that of 5M2P remaining about 3 eV below the S1 energy for the region from 

Re(S1)min to Re(S1)’min, and only then rising steeply to meet S1 at the sofa ci01.  By 

contrast, S0 for cytosine rises continually in its sofa region, and it is only about 1 eV 
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lower than S1 at Re(S1)’min.  It can be argued that for cytosine S0 intersects with S1 earlier 

along the minimum energy path on the S1 surface, crossing at a geometry more similar to 

that of Re(S1)’min. 

Conformational similarities between these two bases on excited state surfaces 

began to reveal themselves when stationary points on the S1 surface of cytosine were 

being calculated.  Both molecules are planar in the ground state, and both excite to their 

bright state and then evolve easily to a local minimum on the S1 ��* surface.  The 

distortion that takes place to reach this minimum for each molecule is very closely 

matched, both in bond and angle values, as well as the butterfly fold of the ring out of 

planarity.  Overlaid plots of bond and angle values of the two bases are included in 

Supporting Information (Appendix B, Figure SI-3.1), for the geometries discussed in this 

paper and those reported previously for 5M2P.  These plots illustrate that both bases 

display strikingly identical geometries on the excited state surfaces, including S1-S2 

intersections, S2-S3 intersections, and the MRCI1 S1 minimum.  Indeed, it is clear from 

these two studies that these two bases have almost identical conformations, on both bright 

and dark surfaces, along pathways from vertical excitation on down to Re(S1)min.  Both 

bases fold along the C4-N1 axis in a butterfly fashion, although 5M2P folds by several 

degrees more than cytosine.  Features of the S1 surface after this butterfly minimum, 

although structurally very similar, are just different enough to make up what appear to be 

the dominant differences that ultimately separate the photophysical behavior of these two 

bases.   Both, at the MRCI1 level, have a barrier on the S1 surface where the sofa-type 

distortion begins, with N3 predominantly leaving co-planarity with the other five ring 

atoms, and beyond this barrier both bases have a second local minimum where the sofa 
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distortion is more pronounced, Re(S1)’min.  It is at the barrier that the two bases start to 

show differences in their bond and angle values.  Beyond this second minimum, 5M2P 

must distort much further to reach the geometry of the ci01, whereas the difference in 

geometry in cytosine between the second minimum and the ci01 is much smaller.  

Electronically, the two molecules display somewhat different character at this ci01.  

Cytosine displays strong diradical character at C4 and N3, while 5M2P displays more 

delocalized ��* character.  This is reflected in the N3-C4 bond lengths for the two bases 

in this region, with that of 5M2P shorter and more double bond in character than that of 

cytosine, which stretches from 1.423 to 1.462 Å in the region from Re(S1)’min to the sofa 

ci01.   This is likely due to �-donation from the amino group, which maintains a distance 

from C4 shorter than a C-N single bond throughout this region.  The greater � overlap in 

5M2P translates into a larger HOMO-LUMO gap, thus increasing the energy of the S1  

surface and the gap between S0 and S1 in this region.  Similarly, the N3-C4 bond 

stretching seen in cytosine in this region could also explain the higher energy of S0 

compared to 5M2P, and contribute to the smaller energy gap.   

Twisting about the C5-C6 bond for both molecules can eventually lead to the 

“twist” ci01 intersection with the ground state, but in the case of 5M2P, this ci geometry 

is too high in energy to be a viable decay channel, and the atoms C5 and C6 are somewhat 

less pyramidalized than those in cytosine.  The MOs involved with the S1 character of 

both the cytosine and 5M2P twist ci01 are similarly delocalized.  A saddle point 

analogous to cytosine’s Re(S1)sp,twist was located in the twist region of 5M2P, with almost 

identical distortion as that of cytosine.  Bond lengths and bond angles for the ring atoms 

are compared in a plot in Figure SI-3.1 (Appendix B).  The MRCI1 energies for this  
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Figure 3.8.  MRCIσπ2 Results for 5M2P and Cytosine.   The important energies of geometries 

involved in the fluorescence mechanism of 5M2P (left panel) and the ultrafast relaxation 

mechanism of cytosine (right panel) are shown at the MRCIσπ2 level in units of eV with respect 

to the minimum of the ground state at each level.  5M2P results are taken from Kistler and 

Matsika10. 
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5M2P saddle point are S0 = 1.67 eV, S1 = 3.86 eV (��*), 5.26 (nN�*), and 5.85 eV 

(nO�*), with a S0/S1 gap of about 2.2 eV.  At the same level of theory, the gap between S0 

and S1 energies for Re(S1)sp,twist is 2.1 eV, or 0.1 eV less than that of 5M2P. Perhaps more 

important is the fact that for 5M2P the twist ci01 is about 0.3 eV higher than this saddle 

point, while for cytosine the ci is lower in energy than the saddle point at all levels of 

theory.  Thus, like the sofa region, 5M2P must destabilize energetically in order to reach 

degeneracy between S0 and S1, while cytosine actually stabilizes.  Further investigations 

into the reasons why the two bases display dramatically different energies at this ci are 

currently in progress. 

The initial higher excitation energy of cytosine compared to 5M2P is likely to be 

an important factor in the different photophysical decay mechanisms of these two bases.  

To probe the reason behind this higher initial excitation two additional bases were studied 

at the MRCI1 level:  2-pyrimidinone (2P) and 5-amino-2-pyrimidinone (5A2P).  Vertical 

excitation energies for the optimized ground state structure of 2P were almost matched 

with 5M2P at 4.65 (nN�*), 4.69 (��*) and 5.38 eV (nO�*), with the same ordering of 

states.  Thus, the methyl on 5M2P has almost no role in the energies or character of its 

excited states.  The results of 2P also imply that the amino group on cytosine is necessary 

for its higher vertical energies.  However, when the amino group is moved to the 5-

position, in 5A2P, the vertical excitation energies are also almost matched with 5M2P, 

including ordering of the states, at 4.62, 4.66 and 5.33 eV, showing that the amino has 

almost no effect at C5.  This indicates a �-resonance interaction of the amino group in 

cytosine with the ring, which is supported by two important geometrical differences 

between the ground state structures of cytosine and 5A2P:  in cytosine the amino group is 
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oriented so that its lone pair is almost perpendicular to the ring plane, and the C4-N7 bond 

is 1.38 Å, shorter than the average C-N single bond (about 1.47 Å); in ground state 5A2P, 

the amino group is rotated about 90˚ to the ring, and the C5-N7 bond length is 1.42 Å.  

This shows that the amino group in 5A2P is essentially decoupled from the ring �-

system, and is not included in the overall �-resonance of the ring. Thus, we propose that 

the presence and position of the amino group on the ring is critical to the higher 

excitation energy of cytosine, and it is largely due to �-donation from the amino nitrogen 

lone-pair into the ring.  Further investigations into the details of the role of the amino 

group in the photophysics of cytosine are currently in progress. 

Besides the energetic arguments detailed above, a comparison of the 

photophysical behaviors of cytosine and 5M2P will benefit from an analysis of the 

nonadiabatic coupling44,60,158,159   between S1 and S0 for each base at geometries close to 

each of the two S0-S1 seams presented in this study:  sofa and twist.  The nonadiabatic 

coupling vector f for transitions between two adiabatic PESs I and J is defined in 

equation (3.4),   

 ,
,

1
 =  ,jJI J I JII

J i j i
i jI J

H
C C D

E E

φ
φ

∂∂Ψ ∂Ψ = +
∂ − ∂ ∂�f
R R R

 (3.4) 

where I
I i ii

C φΨ =�  is the MRCI expansion for state I in the basis of CSFs iφ , and ,
JI
i jD  

is the transition density matrix between state J and state I.  By calculating the magnitude 

of f for geometries on the S1 surface close to Rx(ci01)sofa and Rx(ci01)twist for both 

cytosine and 5M2P, a qualitative comparison of the probabilities of nonadiabatic 

transitions from S1 to S0 can be made for the two bases in these two regions of S1.   
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Following the MRCI method,60,154 and given the conformational similarities the two 

bases exhibit for S1 geometries discussed in this study, the magnitude of f, |f|, was 

calculated for geometries in two regions for each base:  points linearly interpolated 

between Re(S1)’min and Rx(ci01)sofa, and also linearly interpolated between Re(S1)sp,twist 

and Rx(ci01)twist.  Figure 3.9 shows plots of |f| in Bohr-1 as a function of the N3-C4 bond 

length, R(N3-C4), for the sofa-region, and |f| as a function of the X-C5-C6-H6 dihedral 

angle in the twist-region (where X = H for cytosine and X=CH3 for 5M2P).  It can be 

seen that in the twist region (Regions C’ and D’, Fig. 7) the values for |f| for the two 

bases follow almost identical trends and magnitudes from the saddle point to the vicinity 

of the twist ci01 (|f| at the intersection itself is infinity, but the value for the dihedral 

angle at the twist ci01 for each base is given on the x-axis for reference).  This implies 

that the nonadiabatic transition probabilities close to the twist ci01 for each base are 

about equal, and so the energetic accessibility differences at the twist ci01 for the two 

bases are likely to be the dominant factor in how S1 population of each base behaves in 

this region of S1.    In the sofa region (Region D, Fig. 7), however, cytosine displays 

about a factor of ten more coupling compared to the same region in 5M2P, even for 

geometries very close to the sofa ci01.  The reason for this is that in the sofa region of 

cytosine the S0 PES is much higher than in 5M2P, making the gap between S1 and S0 

much smaller in cytosine, as discussed above.  Since the first term of the right-hand-side 

of equation 4 is the dominant term, f varies almost linearly with the inverse of �E01, and 

so this smaller energy gap in cytosine dramatically increases |f| in this region compared to 

5M2P.  Thus, both S1 energetic differences and the resulting coupling differences are 

important contributions in this region for the photophysical behavior differences between 
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Figure 3.9.  Magnitude of the nonadiabatic coupling vector f for regions close to Rx(ci01)twist and 

Rx(ci01)sofa for cytosine and 5M2P.  Triangles correspond to cytosine points, and squares 

correspond to 5M2P points.  The left panel shows |f| in Bohr-1 as a function of the X-C5-C6-H6 

dihedral angle, in degrees, where X = H for cytosine and X = CH3 for 5M2P, corresponding to the 

S1 path for each base from Re(S1)sp,twist to Rx(ci01)twist (Region B’ and C’ in Figure 3.7).  The 

values of this dihedral angle for Rx(ci01)twist for each base are shown as symbols on the x-axis.  

The right panel shows |f| in Bohr-1 as a function of the N3-C4 bond length for each base in the S1 

path from Re(S1)’min to Rx(ci01)sofa (Region D in Figure 3.7).  The values of this bond length for 

Rx(ci01)twist for each base are shown as symbols on the x-axis. 
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cytosine and 5M2P. 

The large derivative coupling in this region of cytosine generates higher 

nonadiabatic transition rates and indicates that the sofa ci01 seam extends close to the 

minimum energy pathway for cytosine in the sofa region.  It has been shown before that 

the position of the ci seam relative to the minimum energy pathway can have an effect on 

the nonadiabatic dynamics producing radiationless transitions either in an extended 

region of the seam, or just close to the minimum energy point.156,157 

 

3.4 Conclusions and Summary 

The ultra-fast radiationless decay of photoexcited cytosine has been supported 

theoretically with the MRCI calculations presented in this paper.  Initial absorption of a 

UV photon excites the ground state system to S1, the bright ��* state at 5.14 eV.  The S1 

surface has a minimum at 4.31 eV which exhibits stretching of the carbonyl by about 0.1 

Å and folding of the ring slightly in a butterfly fashion along the N1/C4 axis.  Two conical 

intersection seams have been located which are connected to the S1 minimum through 

barriers of about 0.15 eV. Pathways connecting the S1 minimum to the sofa ci01 seam 

show a lower second barrier and a second minimum.  At this geometry the system is 

described best as an N3/C4 diradical on the ��* surface.  The conical intersection between 

S1 and the closed-shell S0 surface has geometry almost identical to the minimum and 

energy of 4.27 eV.  Excess vibrational energy of the S1 population from vertical 

excitation, about 0.8 eV above the global minimum, assures that the population can 

efficiently reach this ci01, making this ci an effective channel for ultra-fast decay to the 

ground state. The S1 minimum at 4.31 eV, is also connected to a second ci01 seam.  In 
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this second pathway, the so called “twist” direction, cytosine twists dihedrally about its 

C5-C6 bond, creating considerable ring distortion out of plane.  This pathway, like the 

“sofa” direction, has a low barrier of 0.15 eV, compared to the global minimum. Twisting 

motion of the C5-C6 bond leads to a second conical intersection with the ground state, 

lower in energy compared to the ci located in the sofa region of S1.  This ci has an energy 

of 3.98 eV, which is about 0.3 eV lower than the global minimum or the sofa ci01, 

making this the more energetically favored ci01.  Thus, we have shown that cytosine has 

two viable channels for ultra-fast radiationless decay of its photoexcited state to the 

ground state surface.  Experimentally bi-exponential decay signals, by time-resolved 

photoelectron spectra and femtosecond multiphoton ionization, support the idea of more 

than one decay channel.160,161 

Results of cytosine were compared with our previously published results of its 

fluorescent analog, 5M2P.  Comparisons of the important bonds and angles of these two 

bases revealed striking matching in the geometrical distortions along virtually all excited 

state surfaces.  As well, in 5M2P the S1 system was shown to be connected to both a sofa- 

and twist-distorted ci01, with geometrical similarity compared to cytosine especially 

matched in the twist ci01 region.  However, 5M2P is excited only to about 4.4 eV, 

leading to less excess vibrational energy in the S1 population, while cytosine is excited 

initially to 5.14 eV, leading to a more vibrationally excited S1 population.  5M2P was 

also shown to stabilize to an S1 minimum at least 0.3 eV below the energies of the two 

located conical intersections with the ground state surface, thus trapping the S1 

population and enabling fluorescence from the longer-lived S1 population.  Comparing 

5M2P and cytosine to the calculated vertical excitation energies for 2-pyrimidinone 
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revealed that the 5-methyl has at most minimal electronic effect on the vertical excitation 

energies of 5M2P, and that the lack of the 4-amino group seems to be the source of the 

major differences in the photophysics of 5M2P and cytosine.  Comparing cytosine to the 

vertical excitation energies and geometry of ground state 5-amino-2-pyrimidinone, which 

displayed energies very close to those of 5M2P, indicates that the initial higher excitation 

energy of cytosine is likely due to resonance of the 4-amino with the ring �-system, 

which is not present when the amino is at C5.  In addition to the role of the amino group 

as a proton-donor in a base-pair interaction with guanine, results of this study also 

implicate its role in the high vertical excitation energy of cytosine, as well as its 

enhancement of nonadiabatic coupling in the vicinity of one of its S0/S1 seams.  Both of 

these effects can promote radiationless decay of photoexcited cytosine.  Further 

investigations into the details of these important structural and electronic factors are 

currently in progress.  

  

Acknowledgements 

This work was supported by the National Science Foundation under Grant No. 

CHE-0449853 and Temple University.   



 134 

CHAPTER 4 
 

CYTOSINE IN CONTEXT:  A THEORETICAL STUDY OF 

SUBSTITUENT EFFECTS ON THE EXCITATION ENERGIES OF 

2-PYRIMIDINONE DERIVATIVES 

 

Reprinted from Publication The Journal of Physical Chemistry A (2007), vol. 111, 

Kurt A. Kistler and Spiridoula Matsika, Cytosine in Context:  A Theoretical Study of 

Substituent Effects on the Excitation Energies of 2-Pyrimidinone Derivatives, 8708-

8716. Reprinted with permission from the Journal of Physical Chemistry A, copyright 

2007, American Chemical Society.  DOI: 10.1021/jp074361d.   

 

Department of Chemistry, Temple University, Philadelphia, PA 

 

 

 

 

 



 135 

Abstract 
 

The ultrafast radiationless decay mechanism for cytosine has been shown to be in 

part dependent upon high vertical excitation, while slower fluorescence displayed in 

some cytosine analogs is generally linked to lower vertical excitation energies.  To probe 

how excitation energies relate to pyrimidine structure, substituent effects on the vertical 

excitation energies for a number of derivatives of 2-pyrimidin-(1H)-one (2P) have been 

calculated using multi-reference configuration-interaction ab initio methods.  

Substitutions using groups with π electron donating, withdrawing and conjugation-

extending properties at the C4 and C5 positions on the 2P system give predictive trends 

for the first three singlet excited state energies.  The S1 ππ* energies of 2P derivatives 

involving C4 substitution vary linearly with the Hammett substituent parameter �P
+.  

Cytosine is shown to have the highest bright ππ* energy of the 2P derivatives presented, 

with that energy being strongly dependent on the position, orientation and geometry of 

the C4-amino.  A simple description of the predictive energetic trends for the bright ππ* 

energies using Frontier Molecular Orbital Theory is presented, based on the character of 

the HOMO and LUMO orbitals for each derivative.  The results of this study expand the 

current understanding of the photophysical behavior of the DNA pyrimidine bases, and 

could be useful in the design of analogs where particular spectral properties are desired.  
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4.1 Introduction 

The ability of photoexcited cytosine (Cyt, Figure 4.1) to undergo ultrafast 

radiationless decay on the order of 1 ps or less7,140,160,161 has been shown to depend on the 

topological features of the bright S1 adiabatic potential energy surface (PES).11,97-

100,107,108,122  These features, when combined, can facilitate radiationless deactivation to 

the ground state, enabled by conical intersection seams, regions where the probability of 

nonadiabatic transitions to S0 is high.38,43,44  Figure 4.2 shows the S1 PES for cytosine 

along two directions that lead to radiationless decay through conical intersections, based 

on our previous multireference configuration-interaction (MRCI) results.10,11,38,43,44  

Vertical excitation is ca. 0.8 eV above the minimum energy stationary point on the S1 

PES (experimental value is about 0.7 eV149,150), and ca. 1.1 eV above the lowest energy 

S0/S1 conical intersection seam point, creating a vibrationally excited population with 

strong momentum away from the Franck−Condon region.  The lack of significant barriers 

on the S1 PES in directions toward the lowest S0/S1 conical intersection seam points, 

combined with energetic accessibility of these seam points relative to minima on the S1 

surface, further serve to facilitate radiationless decay in terms of the topology of the 

bright excited PES.11  This is contrasted with the Cyt analog 5-methyl-2-pyrimidin-(1H)-

one (5M2P),10,116,134 which has the same heterocyclic 2-pyrimidin-(1H)-one (2P) ring and 

carbonyl system, but has a methyl group at C5, while cytosine has an amino group at C4.  

Aqueous solution of this analog fluoresces after UV excitation with a lifetime thousands 

of times longer than that of cytosine.119  5M2P is known experimentally,134 and was 

calculated theoretically,10 to have lower excitation energy than cytosine.  Figure 4.2  
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Figure 4.1  The structures of the general 2P derivative, Cyt, �-Cyt, �-CytH+, and p-Cyt, 

with numbering of atoms used in this paper.  Specific 2P derivatives are itemized by R4 and R5 

groups in Table 4.1. 
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Figure 4.2  The photophysically important regions of the S1 surfaces of Cyt and 5M2P 

are shown for comparison.   Energies of vertical excitations, conical intersections, and the S1 

minimum for 5M2P are in eV, referenced to the ground state minimum for each base.  Blue and 

green lines represent S1 ππ* minimum energy paths calculated using MRCI, for Cyt and 5M2P, 

respectively.  Data is taken from reference (12). 
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shows the S1 PES for 5M2P along the same two directions as in cytosine, based 

on our previous MRCI results.10  The minima on the two S0/S1 seams are only slightly 

lower than vertical excitation on S1, and the global S1 minimum is about 0.3 eV lower 

than the lowest energy point on the seam.  Therefore, a trapping bowl S1 topology is 

observed where vibrational states can be bound, thus greatly increasing the fluorescence 

lifetime of 5M2P compared to that of cytosine.  These differences in the S1 PESs of these 

two bases are interesting since the two bases were shown to distort almost identically for 

virtually all excited-state stationary points and conical intersections.  Thus, it seems that 

energetic differences between the bases, rather than conformational differences, could be 

the dominant reason for the different photophysical behavior of these bases.  The largest 

energetic difference seen on the bright excited states of these two bases is at vertical 

excitation, with Cyt being higher than 5M2P by about 0.7 eV, as measured 

experimentally in aqueous solution,119,134,142 and calculated in our work.  A similar 

difference in excitation energies is seen between adenine, which decays radiationless, and 

the fluorescent adenine analog, 2-aminopurine, which differs from adenine only in the 

position of an amino group, but has an excitation energy about 0.5 eV lower than 

adenine, as measured experimentally.111,162-164  Adenine13,101,104,143,147 and 2-aminopurine 

109,110,147 have also been studied theoretically.  As the excitation difference in Cyt seems 

to be directly related to its radiationless decay, it is important to understand the reason for 

the initial excitation difference between Cyt and 5M2P.  While there have been many 

theoretical studies on the absorption energies and general photophysical behavior of 

Cyt,11,95,97-100,107,108,122,130,151,165 as well as other DNA bases13,94,101,103,104,110,121,129,143-146,151 

and DNA base analogs,10,109-112,147,166 the relationship between structure and absorption 
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spectra of the bases and their analogs has, to our knowledge, not been specifically 

addressed. 

To probe this relationship, a series of 2P derivatives were studied theoretically by 

varying functional groups at ring positions C4 and C5, and calculating vertical excitation 

energies for the optimized ground-state geometries using methods described in Section 

4.2.  The results of this study show that, when compared to known experimental 

absorbance data, these substituent effects display predictive trends not only of the 

absorbance maxima but also the energy gap between S1 and S2.  As such, these energetic 

trends could be useful for researchers, such as those interested in the design of pyrimidine 

analogs where particular spectral properties are desired.  A similar substitution treatment 

has been used for decades in the field of dye coloration,167,168 such as with azomethine 

dyes,169,170 and recently it has also been used to tune the spectral properties of organic 

light-emitting diode compounds, such as pyrazoline derivatives,171 and also poly(p-

phenylenevinylene) oligomers.172   

Figure 4.1 shows the general 2P derivative structure with ring numbering used in 

this study.  Table 4.1 lists the derivatives presented by number and the R4 and R5 groups 

for each, with 2P itself as 1.  2P derivatives with R5 = H and substitution at C4 are:  Cyt 

(2), 4-nitroso-2-pyrimidin-(1H)-one (3), 4-cyano-2-pyrimidin-(1H)-one (4), 4-formyl-2-

pyrimidin-(1H)-one (5), 2-oxo-1,2-dihydropyrimidine-4-carbonyl fluoride (6), 4-

carboxymethyl-2-pyrimidin-(1H)-one (7), 4-carboxyl-2-pyrimidin-(1H)-one (8), 4-

ethenyl-2-pyrimidin-(1H)-one (9), 4-hydroxyl-2-pyrimidin-(1H)-one (10, tautomer of 

uracil), N4-acetylcytosine (11), 4-fluoro-2-pyrimidin-(1H)-one (12), and N4-vinylcytosine 

(13).  Derivatives of 2P with R4 = H  and C5 substitution are:  5-methyl-2- 
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      C4 Derivatives 

Label R4 Type Symm, CAS S1, ππ* S2, nNπ* S3, nOπ* Expt.f 

1 H  CS, (12,9) 4.49 4.55 5.14 4.04173 

2 NH2 X C1, (14,10) 4.91 5.3 5.66 4.67174 

2' NH2 X CS, (14,10) 4.95 5.43 5.78  

2” NH2
a X C1 (12,9) 4.55 4.65 5.1  

3 NO Z CS, (16,11) 3.95 4.22 4.73  

3' NOb Z CS, (16,11) 4.04 4.24 4.75  

4 CN Z CS, (18,12) 4.11 4.3 4.78 3.61175 

5 CHO Z CS, (16,11) 4.12 4.33 4.84  

6 CFO Z CS, (18,12) 4.05 4.23 4.72  

7 CO2CH3 Z CS, (18,12) 4.16 4.27 4.8 3.73175 

8 CO2H Z CS, (18,12) 4.14 4.27 4.79 3.76175 

9 CH=CH2 C CS, (16,11) 4.32 4.41 4.94  

 10 OH X CS, (14,10) 4.93 5.45 5.83  

 10' OHc X CS, (14,10) 4.85 5.2 5.56  

  10" OHd X C1, (12,9) 4.72 4.99 5.37  

 11 NHCOCH3 X CS, (18,12) 4.63 5.13 5.51 4.11176 

 12 F X CS, (14,10) 4.84 5.26 5.61  

 13 NHCH=CH2 X CS, (18,12) 4.84 5.3 5.63  
 

Table 4.1  C4 and C5 Derivatives of 2P and Bicyclic Cyt Analogs.  Listed for each 

derivative are the label used for discussion in the text, substituent at C4 or C5, substituent type in 

terms of π interaction with the ring, symmetry, CAS used in the MRCI calculation, and the first 

three excited state energies, in eV, calculated at the MRCI level.  a 2”: Cyt C1 with amino rotated 

90° out of ring plane.  b 3’: CS geometry with nitroso O pointing away from N3.  c 10’:  CS 

geometry with the hydroxyl H pointing away from N3.  d 10”:  OH rotated 90° out of ring plane.  e 

16”:  C1 ground state with amino rotated 90° out of ring plane.  For 16” S1 = nNπ* and S2 = ππ*.  f 

Based on �max of pH 7 aqueous solutions, except for 8, which is based on �max of pH 1 aqueous 

solution. 
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C5 Derivatives 
Label R5 Type Symm, CAS S1, ππ* S2, nNπ* S3, nOπ* 

14 CH3  C1, (12,9) 4.46 4.53 5.11 

15 F X CS, (14,10) 4.36 4.48 4.98 

16 NH2 X C1, (12,9) 4.3 4.49 5.02 

 16’ NH2 X CS, (12,9) 4.15 4.49 4.99 

 16” NH2
e X C1, (12,9) 4.47e 4.48e 5.07 

17 NO Z CS, (16,11) 4.24 4.55 5.15 

18 CH=CH2 C CS, (16,11) 4.31 4.58 5.17 

19 CHO Z CS, (16,11) 4.33 4.58 5.18 

20 CH=CHNH2 X CS, (18,12) 4.05 4.58 5.15 

21 CO2H Z CS, (18,12) 4.49 4.61 5.21 

22 CN Z CS, (18,12) 4.44 4.56 5.14 

23 NO2 Z CS, (18,12) 4.47 4.56 5.12 
 
Bicyclic Cyt Analogs 

Label Symm, CAS S1 S2 S3 Expt 

�-CytH+ CS, (14,10) 5.00 (��*) 6.31 (nO�*) 6.39 (nO�*) 4.3169 

�-Cyt CS, (18,12) 5.40 (��*) 6.21 (nN�*) 6.57 (��*) 4.6169 

p-Cyt CS, (18,12) 3.99 (��*) 4.97 (nN�*) 5.39 (nO�*) 3.597 
 
Table 4.1 continued  C4 and C5 Derivatives of 2P and Bicyclic Cyt Analogs.  Listed for 

each derivative are the label used for discussion in the text, substituent at C4 or C5, substituent 

type in terms of π interaction with the ring, symmetry, CAS used in the MRCI calculation, and 

the first three excited state energies, in eV, calculated at the MRCI level.  a 2”: Cyt C1 with amino 

rotated 90° out of ring plane.  b 3’: CS geometry with nitroso O pointing away from N3.  c 10’:  CS 

geometry with the hydroxyl H pointing away from N3.  d 10”:  OH rotated 90° out of ring plane.  

e16”:  C1 ground state with amino rotated 90° out of ring plane.  For 16” S1 = nNπ* and S2 = ππ*.  

f Based on �max of pH 7 aqueous solutions, except for 8, which is based on �max of pH 1 aqueous 

solution. 
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pyrimidin-(1H)-one (14), 5-fluoro-2-pyrimidin-(1H)-one (15), 5-amino-2-pyrimidin-

(1H)-one (16), 5-nitroso-2-pyrimidin-(1H)-one (17), 5-vinyl-2-pyrimidin-(1H)-one (18), 

5-formyl-2-pyrimidin-(1H)-one (19), and 5-(2-aminoenthenyl)-2-pyrimidin-(1H)-one 

(20), 5-carboxyl-2-pyrimidin-(1H)-one (21), 5-cyano-2-pyrimidin-(1H)-one (22), and 5-

nitro-2-pyrimidin-(1H)-one (23).  Pyrrolocytosine (p-Cyt, Fig. 1) is included since its 

second fused ring attaches at C4 and C5, and it includes an amine nitrogen at C4.  N3,N4-

ethenocytosine (�-Cyt) and its N9-H conjugate acid (�-CytH+) are also included in this 

study (Figure 4.1). 

4.2 Methods 

The geometries for all species presented in this report are ground state (GS) 

minima optimized at the MP2/6-31G(d,p) level using the Gaussian03 suite of programs77 

with CS symmetry constraints, unless specified otherwise, with Cartesian coordinates for 

each given in Appendix C.  Excitation energies were obtained using MRCI, as described 

below. Molecular orbitals (MO) were obtained from a state-averaged multiconfiguration 

self-consistent field (SA-MCSCF) procedure averaged over the first four singlet states (S0 

to S3), using Dunning's cc-pvdz atomic orbital basis sets.123  The complete active set of 

orbitals (CAS) included one nitrogen lone pair (LP), designated as nN, one oxygen LP, 

designated as nO, and all � orbitals, or as many � orbitals as could be managed in the 

calculation (maximum of 10 �), while maintaining core 1s, �, and additional n (LP) 

orbitals as doubly occupied.  For example, 2P was assigned a CAS of 1 nN, 1 nO, and all 7 

� orbitals occupied in total by 12 electrons. This arrangement is denoted as (12,9), where 

(l,m) denotes l electrons in m active orbitals.  From 2520 to about 70,000 reference 

configurations were generated from the SA-MCSCF calculation, depending on CAS size.  
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These references were then used for MRCI, where all core 1s and � orbitals were 

maintained as frozen, and single excitations were allowed from the CAS orbitals to the 

virtual orbitals.  This generated up to about 25 million configurations in the MRCI 

expansion, depending on CAS size. Increasing dynamical correlation by including 

configurations involving double excitations or excitations from the � orbitals was not 

done since this was prohibitively expensive for the larger derivatives.  This study, 

however, focuses on qualitative energetic trends within the same level of theory for a 

collection of similar molecules and the approach used here proved to be successful in 

reproducing the experimentally observed trends.  The error on the predicted excitation 

energies is ca. 0.4 eV as has been seen in previous work and is reaffirmed here.  

It should be noted that the CAS for some C1 geometries where the C4 or C5 

substituent was rotated out of the ring plane, such as 4-amino rotamers of 2, the 4-

hydroxyl rotamer 10’’, and 16 was (12,9) since a preferred (14,10) CAS, which would 

include the amino or hydroxyl LP, could not be obtained. The influence of the CAS size 

on the MRCI S1 ��* energy has been estimated by using a (14,10) CAS for 16‘; S1 is 

4.00 eV, compared to 4.15 eV with a (12,9) CAS. The n�* states for these two different 

active spaces are not significantly different. SA-MCSCF and MRCI calculations were 

carried out using the COLUMBUS Quantum Chemistry Program Suite.59,80,132  Molecular 

visualization and graphical rendering was done with MOLDEN.133 

 

4.3  Results and Discussion 

The first three singlet excited state energies, symmetry and CAS for all species in 

this study are presented in Table 4.1.  For all C4 and C5 2P derivatives the bright excited 



 145 

state is S1 ��*, corresponding primarily to excitation from the HOMO � to the LUMO �*, 

S2 is nN�* from excitation of the N3 LP, and S3 is nO�* from excitation of the O2 LP (see 

Fig. 1 for atom numbering).  The reference system is 2P (1).  Results specific to Cyt 

arepresented in Section 4.3.1, C4 derivatives are presented in Section 4.3.2, and C5 

derivatives are presented in Section 4.3.3.  The Cyt analogs p-Cyt, �-Cyt and �-CytH+ are 

presented in Section 4.3.4.   

4.3.1 Cytosine 

The S1 energy for 2P is 4.49 eV, with S2 being almost degenerate with S1 at 4.55 

eV, and S3 at 5.14 eV.  Substituting at C4 with an amino group gives Cyt (Fig. 1), where 

the symmetry of the GS minimum is C1 (2).  The amino is pyramidalized and slightly 

tilted away from N3.   For 2, S1 is 4.91 eV, S2 is 5.30 eV and S3 is 5.66 eV.  The amino 

group increases vertical excitation by 0.4 eV, and also increases the S1/S2 energy gap by 

about 0.4 eV, compared to 1.  Constraining the symmetry of Cyt to CS (2’) increases S1 to 

4.95 eV, and increases the S1/S2 energy gap to about 0.5 eV.   These results imply that the 

higher vertical excitation energy of Cyt, as well as the lifting of degeneracy of S2 with S1, 

is a direct result of � overlap of the N4 π LP with the ring, which is enhanced when the 

system is planar.  Indeed, the C4-N4 bond length in 2 is 1.37 Å, 0.11 Å shorter than the 

average C-N single bond,177 showing partial double bond character of this bond, and this 

bond in 2’ is shorter still at 1.36 Å, showing more double-bond character.    

The influence of the orientation of the amino group on the excitation energies of 

Cyt is shown in Figure 4.3, where starting from the C1 GS geometry the amino group is 

rotated about the C4-N4 bond. The first three excited state energies are plotted as a 

function of  	 = � N3-C4-N4-H4 dihedral angle.  Rotamers with maximum excitation 
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Figure 4.3   Excited state energies as a function of amino rotation in Cyt.  The 

first three excited state energies (MRCI(12,9)) are shown.  	 is the dihedral angle formed 

from the tetrad of atoms N3, C4, N4 and the amino hydrogen closest to N3 in the ground 

state minimum geometry (	 = 14° for GS Cyt).  For all geometries shown S1 = ��*, S2 = 

nN�* and S3 = nO�*. 
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energies are close to GS geometry (	 = 14°) and to geometries where the amino is rotated 

about 180° compared to GS (	 = -161.5°), both orientations commensurate with 

maximum � overlap with the ring.  Likewise, rotamers with minimum energies 

correspond to the amino N-H bond being approximately perpendicular to the ring plane 

(	 = -76° and 100°), where � overlap is minimal.  The S1-S2 gap also depends on amino 

orientation, being large where S1 is a maximum, and small where S1 is a minimum.  The 

monotonic sinusoidal character of the energy curves implies that the influence is from the 

N4 π LP only, and not from the amino hydrogens interacting with the N3 LP.  The dotted 

horizontal lines in the plot correspond to the vertical excitation energies of 2P.  It is clear 

that simply rotating the amino group to be perpendicular to the ring generates excited 

state energies almost as though the amino group was absent entirely.  The main normal 

mode of C1 Cyt corresponding to this amino group rotation is calculated to be about 360 

cm-1 for the ground state at the MP2 level.  This implies that amino rotation in the 

isolated free-base is somewhat labile, and absorption energies could be influenced by this 

motion.   

4.3.2  C4 Substituents 

To probe the electronic influence at C4 in a more general sense, vertical excitation 

energies were calculated for 2P derivatives, which all have the main 2P ring system along 

with a side group R4 (Figure 4.1).  Table 4.1 categorizes R4 groups by type using 

Fleming’s Frontier Molecular Orbital (FMO) notation of � influence,178 where X groups 

are those that contain a LP-bearing atom attached to the ring, such as amino or hydroxyl, 

Z groups are �-withdrawing groups, such as formyl or cyano, and C groups simply extend 

the conjugation of the system, such as ethenyl.  Table 4.1 also shows different 
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orientations of the substituent for 2, 3, 10 and 16. For example,  10, 10’, and 10” 

correspond to different orientations of the substituent R4, where R4 = OH.  10 and 10’ 

have CS symmetry with the hydroxyl H pointing toward and away from N3, respectively.  

10” corresponds to R4 = OH, where the OH in 10 has been rotated out of plane by 90°. 

10” is not a minimum, but its lower excited state energies, like with the rotation of the 

amino in 2, support the importance of � donation into the ring at C4. The left panel of 

Figure 4.4 shows the calculated energies for the excited states in order of increasing S1 

energies for all C4 derivatives in this study, identified by their number label.  For 

reference, 1 is in the middle (R4 = R5 = H).  The trend shows that C4-X groups increase 

all three excited state energies relative to 2P, while Z and C groups both lower excitation 

energies relative to 2P, with Z groups having a larger energy-lowering effect than C 

groups.  The range of S1 energies for all C4 derivatives is about 1 eV.  It should be noted 

here that 10 is a tautomer of uracil (U), which has a C4 carbonyl and N3-H.  By the above 

arguments, U should have a particularly high absorbance energy, based on a strong C4-O 

� bond.  Indeed, MRCI energy (14,10 CAS) for the ��* state (S2) of the MP2 CS GS 

geometry is 6.08 eV, about 1.6 eV higher than 2P, and about 1.2 eV higher than Cyt.  

Also shown in Table 4.1 and Figure 4.4, as reference, are the experimentally determined 

energies corresponding to absorption �max values for several C4 derivatives in aqueous  

pH=7 environments.  While there is clearly a systematic error associated with MRCI in 

calculating ��* energies about 10% higher than experimental values, which has been 

addressed before,10,134 the calculated energetic trend for the S1 ��* states of C4 

derivatives follows the experimental trend well.  Our results model gas phase rather than  
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Figure 4.4   The first three MRCI excited state energies for C4- and C5-substituted 2P 

derivatives, by label number itemized in Table 4.1.  C4 derivatives are shown in the left 

panel, (a), and C5 derivatives are shown in the right panel (b).  In each panel, the order is 

increasing S1 energies from left to right.  In a) the black diamonds towards the bottom 

correspond to experimental absorption maxima for derivatives in neutral aqueous 

solution, as listed in Table 4.1. 
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aqueous solution, although the solvent effect is not expected to be as high as the 

differences with the experiment observed here. 

If the influence on energies is related to � interaction from R4, then the bond 

length for the bond between C4 and the first atom of R4 should reflect it, with �-donation 

corresponding to a shortening of this bond, and �-withdrawal corresponding to a 

lengthening of this bond.  Figure 4.5 shows the S1 energies for C4 derivatives where the 

R4 atom attached to the ring is N, which we define here as N’ (to be consistent between 

C4-N derivatives which carry different numbering systems).  For these derivatives 

shortening this exocyclic bond length corresponds to a higher S1 energy, with close to 

linear dependence.  C4-X derivatives display the shortest C4-N’ bonds and the highest S1 

energies, while C4-Z derivatives display the longest C4-N’ bonds and the lowest S1 

energies.  �-Cyt and �-CytH+ both display high S1 energies and follow this trend, and will 

be discussed further in Section 4.3.4. 

The trend in the S1 ππ* energies for the C4 derivatives also correlates well with 

the Hammett subsituent parameter, �P
+, an empirically derived parameter used to describe 

the extent of  electron donation and withdrawal of substituents in terms of influence on 

reaction rates in aromatic systems.3,90,179  The linear relationship between absorption 

energies and Hammett constants has been known for decades for substituted aromatic 

dyes,169,180-183 and recently this relationship was demonstrated for the absorption energies 

of substituted cumyloxyl radicals.184  To the best of our knowledge, such a relationship 

has not been reported for substituted 2-pyrimidinones.  Figure 4.6 shows a plot of S1 

MRCI energies for C4 derivatives with respect to �P
+ for substituents which have 

available values for �P
+.  Also shown in the plot, for comparison, are the experimental  
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Figure 4.5   Plot of S1 (��*) energies (MRCI), in eV, for C4 derivatives containing a C4-

N’ bond, as defined in the text, with respect to the C4-N’ bond length, in Å.   
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Figure 4.6   Plot of S1 (ππ*) energies in eV with respect to the Hammett substituent 

parameter �P
+.  Black squares indicate MRCI energies, and black hour-glasses correspond to 

experimental absorption maxima for derivatives in aqueous solution, as listed in Table 4.1. 
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data for those derivatives which have reported absorption spectra, and the linear 

regression trendlines for each series.  The trendline equation for the MRCI data is y =  

-.544x + 4.47 with R2 = 0.935, and for the experimental data the trendline is y = -0.581x + 

4.01 with R2 = 0.995.   Although the linear correlation for the MRCI series is not 

excellent, the essentially parallel nature of the two trends certainly implies that MRCI can 

be quite predictive of absorption energies for C4 derivatives of 2P, and that this energetic 

trend follows similar trends seen in the absorption energies of substituted dyes.  The 

MRCI S2 nNπ* and S3 nOπ* energies for the C4 derivatives also correlate linearly with 

�P
+, with trendline equation y = -.739x + 4.77 (R2 = 0.888) for the S2 data, and y = -.643x 

+ 5.23 (R2 = 0.916) for the S3 data.  To our knowledge there is no experimental data for 

these dark states, and so comparisons with experiment cannot be made. 

 

4.3.3 C5 Substituents 

The previous section demonstrated the effect of different types of substituents at 

the C4 position on excitation energies.  This raises the question of how important the C4 

position is compared to other ring positions.  In this section we explore the effect of 

different substituents at the C5 position.  The right panel of Figure 4.4 shows the energies 

of the C5 derivatives in the order of increasing S1.  1 is the reference in this series, with 

the highest S1 energy.  Here the trend is very different from that of the C4 derivatives.  

Substitutions at C5 all give S1 energies lower than that of 1, and S2 and S3 n�* energies 

are similar to or somewhat higher than 1.  The range for S1 energies in this series is much 

smaller than that of the C4 derivatives (about 0.4 eV), although for most derivatives the 

S1 energy is much closer to that of 1.  This smaller energy effect seems to be due to 
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resonance limitations from the C5 group with the C5-C6 π bond.  The N1 π electron pair 

impedes resonance from the C5-C6 π bond into the carbonyl oxygen, in contrast with a 

C4-X group, which donates a pair of electrons into a resonance system that can extend 

through N3 and on into the carbonyl oxygen.  Thus, the C4-N3 bond is “softer”, while the 

C5-C6 bond is “harder”, translating into a smaller overall effect from some C5 substituent.  

There is notably less grouping of the R5 types in terms of S1 energy influence, unlike the 

series of C4 derivatives.  To the best of our knowledge, none of the C5 derivatives 

presented in this report have corresponding experimental absorption data reported in the 

literature, so validation of these results is not currently possible.  A simple explanation 

for this type-independent S1 energy lowering effect, using an FMO description, is 

presented in Section 4.4.   What is interesting here is that when an amino is at C5 (16) the 

effect is to lower S1, but when an amino is at C4 (2) the effect is to raise S1, both 

compared to 2P.  Additionally, rotation of the amino by 90° either at C4 (2”) or C5 (16”), 

minimizing � donation into the ring, eliminates both C4 and C5 effects, with all excitation 

energies becoming close to those of 2P.  This shows that both orientation and position of 

the amino group in Cyt is critical for its high excitation energy.  It should be noted here 

that when the C5-amino derivative is constrained to CS symmetry (16’), this effect of 

lowering S1 is enhanced relative to the GS geometry, where the amino is pyramidalized 

and rotated about 14˚ with respect to the ring plane. 

 

4.3.4 �-Cyt, �-CytH+ and p-Cyt 

Three experimentally used cytosine analogs, �-Cyt, �-CytH+ and p-Cyt, were 

included in this study to make connection with the derivatives presented in Sections 3.2 
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and 3.3 and to check the broadness and applicability of our conculsions.  The structures 

of these three Cyt analogs are shown in Figure 4.1 and their calculated and 

experimentally determined excited state energies are given in Table 4.1.  They contain 

similar functionality in their six-member ring compared to Cyt, and their absorption and 

emission properties have been studied experimentally,185,186 as well as theoretically.112,166  

�-Cyt has the highest S1 ��* calculated energy of all the compounds presented in this 

study, at 5.40 eV.  This energy correlates well with the C4-N’ bond length (C4-N9 using 

correct �-Cyt numbering, Fig. 1), which is 1.33 Å:  primarily a full double bond.  Figure 

4.5 shows that this energy is in line with the trend of S1 with respect to the C4-N’ bond for 

all derivatives containing this bond.  Experimentally, �-Cyt does not fluoresce, but the 

low-pH form (�-CytH+) does.185  The calculated S1 ��* energy for �-CytH+ is 5 eV, lower 

than the free-base form.  Figure 4.5 shows that the C4-N’ bond length is 1.35 Å, which is 

also in line with the trend shown in the plot.  Because the N3 LP for these two forms of �-

Cyt is now � in character, rather than non-bonding as in the case of the C4 derivatives of 

2P, the S2 and S3 states are different than the C4 derivatives.  For �-Cyt S2 is nN�* from 

excitation of the N9 LP.  S3 is, like 2P, nO�* from O2 LP excitation.  For �-CytH+, N9 has 

lost its LP to an N-H � bond, and S2 and S3 are both nO�* states.   

Pyrrolocytosine (p-Cyt, Figure 4.1, Table 4.1) is essentially a C4 and C5 

derivative.  This Cyt analog is experimentally known to absorb at 3.61 eV, and it 

fluoresces.186  The second ring system creates a possible C4-X scenario from N7, and a 

C5-C or C5-X from C9, depending on the conjugation of the N7-C8=C9 system.  Given the 

very low calculated energy of S1 of 3.95 eV, and the equally low experimental excitation 

energy, it seems reasonable that the C5-C or C5-X scenarios, both of which lower S1, 
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dominate the C4-X scenario, which would raise S1, compared to 2P.  This is supported by 

comparing the MRCI results on p-Cyt with two derivatives:  13 and 20.  20 is like p-Cyt 

with the C4-N7 bond cleaved, and 13 is like p-Cyt with the C5-C9 bond cleaved.  S1 for 20 

is 4.11 eV, very close to that of p-Cyt, while S1 for 13 is 4.98 eV, about 1 eV higher than 

p-Cyt.   Since the C4-N7 bond length is close to that of Cyt, at 1.37 Å, but the excitation 

energy for p-Cyt is very low, it appears that the S1 energy of p-Cyt is influenced more by 

π conjugation-extension at C5 than � donation at C4.   

What is most interesting about these experimental cytosine analogs is that 

fluorescence behavior seems to correlate with lower vertical excitation energy as in the 

case of 5M2P. 

 

4.4  Frontier Molecular Orbital (FMO) Description of C4 
 and C5 effects 

This section gives a qualitative description of the S1 effects at C4 and C5 for 

derivatives presented in Sections 3.2 and 3.3 in terms of FMO theory, which describes 

the effects of substituents on conjugated systems primarily in terms of the highest 

occupied π molecular orbital (HOMO) and the lowest unoccupied π molecular orbital 

(LUMO).178   In general, the effect of the addition of an electron donating (X) group to a 

conjugated system is to raise the energies of both the HOMO and LUMO.  An electron 

withdrawing (Z) group lowers both HOMO and LUMO energies.  In both cases the 

overall effect of the substituent on the energy of the ππ* state depends on the relative 

magnitude of energy change of the HOMO compared to the LUMO.  A conjugation 

extending group (C) raises the HOMO energy and lowers the LUMO energy, lowering 

the energy of the ππ* state.  The n orbitals are of different symmetry than π orbitals, and 
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thus their energies are not significantly affected by additional substituents.  However, 

since an nπ* state involves excitation into the LUMO, which can be influenced by 

additional substituents, the energies of nπ* states can also be similarly changed by 

substituents. 

Figure 4.7 shows the HOMO and LUMO orbitals for the S1 ��* state for selected 

C4 and C5 derivatives, along with their number label, R4 or R5 group type, and their S1 

energies.  The HOMO-LUMO gaps shown are qualitative and given for relative 

comparison with 1, the reference system.  The electron density in the ring system for the 

substituted 2P molecules is in most cases very similar to that of 2P. The HOMO for GS 

Cyt (2, R4 = NH2 = X) has a node through the ring carbon atom and the nitrogen of the 

amino group, so the HOMO energy is not affected significantly by the substituent.  The 

LUMO for Cyt, however, is destabilized compared to that of 2P because of the 

antibonding overlap between the ring carbon and nitrogen (on the C4-N4 bond).  Rotating 

the amino 90° (2”) removes the � nature of its LP, and the LUMO for this orientation has 

similar density to that of 2P, and thus similar energy.  This is reflected in the calculated 

S1 energies of 1 and 2”, which are close to equal.  An electron withdrawing group (Z) at 

C4, such as NO in the case of 3, creates, like 2, no change in the HOMO, but the LUMO 

displays π overlap character on the C4-N’ bond, as well as withdrawal of density at N1 

and C6, compared to 2P.  These two effects act to lower the LUMO of this derivative, 

reflected in S1 being about 0.5 eV lower than 1.  In all of the above cases the LUMO is 

affected by the presence of the substituent so this effect will also be present in the 

excitation energies of the nπ* states S2 and S3.  These results show that substituent effects 

at C4 follow clear patterns, both in energies and in FMO description, in terms of 
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Figure 4.7   HOMO (H) and LUMO (L) orbitals dominating the S1 (��*) state for 

selected C4 and C5 derivatives.  Label, group type and S1 energy (MRCI) are listed for each 

derivative along the bottom.  The energies shown for each HOMO-LUMO pair are qualitative 

and relative based on S1 energies and general orbital character, with the reference system 2P 

shown to the far left. 
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substituent type.  Such is less the case with the C5 derivatives. 

Since the energy range for the C5 derivatives is much smaller than that of the C4 

derivatives, the trends predicted by FMO theory may not be the dominant contributions to 

the excitation energies of those molecules, and FMO theory may not be adequate to 

describe the observed trends.  All of the substituents at this position to some degree lower 

the S1 energy compared to 1.  In 16, the C5 substituent is an electron-donating amino 

group.  This example is a good illustration (Fig. 7), and important, since this derivative is 

Cyt with the amino moved to C5.  The situation is similar to Cyt but the effects on the 

HOMO and LUMO are now switched. The energy for the HOMO is destabilized 

compared to that of 2P because of the antibonding overlap between C5 and amino group. 

The LUMO is not affected significantly since there is a node through these atoms and 

thus the amino group does not change the overall electron density in the orbital much. 

The above analysis implies that the substituent effect is dominant at the GS planar 

geometry.  At the distorted geometries along the S1 PES, however, these effects should 

become less important, and the S1 energies of the different derivatives presented in this 

study could become comparable.  This difference will have an effect on the photophysical 

properties, as is seen in Cyt and 5M2P (Fig. 2).  However, theoretical predictions of 

fluorescence or radiationless decay behavior for a particular derivative cannot be made 

based solely on effects on vertical excitation.  For prediction of emission properties, a 

thorough and accurate theoretical analysis of the entire S1 PES, especially regions far 

from the Franck-Condon region, must be made, as was discussed in Section 4.1.    

 

 



 160 

4.5 Conclusions 

In this report we have presented a theoretical analysis of the influence on the 

bright vertical excitation energies of C4- and C5-substituted derivatives of 2-pyrimidin-

(H1)-one (2P).  Results of MRCI calculations indicate that the presence, position and 

orientation of the C4-amino group in Cyt has direct impact on the S1 ��* energy, as well 

as the energy of the two dark n�* states.  Derivatives of 2P with �-donating groups (C4-

X) display increased S1 energies compared to 2P, dependent on the amount of �-donation 

of the group, by destabilizing the LUMO relative to the HOMO.  This effect is effectively 

switched off by rotating the group 90° out of the ring-plane so that the � interaction is 

removed.  2P derivatives with �-withdrawing (C4-Z) or simple conjugation extension (C4-

C) in general display lower S1 energies than 2P, by stabilizing the LUMO relative to the 

HOMO.  A linear correlation between the S1 energies and the Hammett substituent 

parameter �P
+ is demonstrated for C4-X and C4-Z derivatives, both for the calculated 

MRCI energies and data from the experimentally determined absorption spectra. 2P 

derivatives with substitution at C5 tend to display a much smaller effect, with S1 energies 

lower than 2P, regardless of the type of substituent.  In addition, the high vertical 

excitations of �-Cyt and �-CytH+ are attributed to strong � donation at C4, creating a full 

C4-N9 double bond, whereas the low vertical excitation of p-Cyt is attributed to � 

conjugation extension at C5.  Comparisons with experimental data of known 2P 

derivatives show that these trends are quite predictive for excitation energies, and could 

be used for other similar 2P derivatives, such as artificial DNA pyrimidines, where 

particular absorbance properties are desired.  In particular, the linear correlation between 

excited state energies and �P
+ for the C4 derivatives could be used for quantitative 
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prediction of absorption maxima. The differences in vertical excitation energies could 

also have an effect on the overall photophysical (fluorescence) properties of the 

derivatives.    
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Abstract 

Three-state conical intersections have been located and characterized for cytosine 

and its analogue 5-methyl-2-pyrimidinone using multi-reference configuration-interaction 

ab initio methods.  The potential energy surfaces for each base contain three different 

three-state intersections:  two different S0-S1-S2 intersections (gs/ππ*/nNπ* and 

gs/ππ*/nOπ*) and an S1-S2-S3 intersection (ππ*/nNπ*/nOπ*).   Two-state seam paths from 

these intersections are shown to be connected to previously reported two-state conical 

intersections.  Nonadiabatic coupling terms have been calculated, and the effects of the 

proximal third state on these quantities are detailed.  In particular, it is shown that when 

one of these loops incorporates more than one seam point there is a profound and 

predictable effect on the phase of the nonadiabatic coupling terms, and as such provides a 

diagnostic for the presence and location of additional seams.   In addition, it is shown that 

each of the three three-state conical intersections located on cytosine and 5-methyl-2-

pyrimidinone are qualitatively similar between the two bases in terms of energies and 

character, implying that, like with the stationary points and two-state conical intersections 

previously reported for these two bases, there is an underlying pattern of energy surfaces 

for 2-pyrimidinone bases, in general, and this pattern also includes three-state conical 

intersections.
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5.1 Introduction 

While the central role that two-state conical intersections38,43 (ci) play in the 

radiationless decay of the DNA/RNA bases7 has been established theoretically for several 

years now, by variety of computational methods,11,94,95,97-100,103,104,108,122,143,146,147,187-190 

reports of the location of three-state conical intersections for these systems,13,107 and their 

possible impact on  the decay mechanisms of excited nucleobases, are relatively limited.  

Three-state intersections are points where three potential energy surfaces (PESs) become 

degenerate, creating high nonadiabatic coupling, and thus facilitating radiationless 

transitions between the states.   Unlike two-state seams, which span N – 2 dimensions, 

where N is the number of internal degrees of freedom, three-state seams span N – 5 

dimensions, with the remaining five degrees of freedom lifting degeneracy linearly from 

the three-state ci.62  Although symmetry-required three-state degeneracies are common, 

the location of accidental three-state intersections is considerably more challenging.  

They were first located in CH4
+ by Davidson et al.62 Only recently have search 

algorithms been developed using analytical gradient techniques,63 and such intersections 

have been theoretically located and studied in several radical systems, such as ethyl,63 

allyl,64 and pyrazolyl,65-68 and in neutral molecules, such as malonaldehyde, where a 

three-state ci has been implicated in its intramolecular proton transfer.191  Three-state 

intersections have been found previously in nucleobases.  We have presented theoretical 

evidence for such an intersection in uracil between the first three singlet states, and for 

two different three-state intersections in adenine, one between the ground state and the 

first two excited singlet states, and the other between the first three excited singlet 
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states.13  Blancafort and Robb107 have reported a near-degenerate point in cytosine 

between the first three singlet states, optimized at the CASSCF level.   

Previously we studied the photophysical behavior of cytosine and the fluorescent 

cytosine analog 5-methyl-2-pyrimidinone (5M2P), and the involvement of two-state 

conical intersections.10,11  5M2P has the same ring structure as cytosine, but differs from 

cytosine in that it has no amino group, and instead has a methyl group at the C5 position.  

Included was an analysis of the nonadiabatic coupling between the S1 ��* state and the S0 

ground state in regions close to two located S0-S1 cis that were shown theoretically to be 

viable radiationless decay channels for excited cytosine.  This coupling is directly related 

to the probability of nonadiabatic transitions occurring, and so it has a strong influence on 

the excited state dynamics of the system.  The existence of many two-state cis lead us to 

explore the possibility of three-state cis.  In this report three different three-state conical 

intersections for cytosine are located using multi-reference configuration-interaction 

(MRCI) ab initio methods:  two different S0-S1-S2 intersections and an S1-S2-S3 

intersection.  We will show how these intersections are connected to each other and 

previously reported two-state cis,11 and we will present results of analysis of the 

nonadiabatic coupling in the vicinity of one of these three-state intersections, as this 

information could be important to researchers studying the excited state dynamics of 

cytosine.  The results of similar studies of three-state conical intersections in 5M2P will 

also be included in this report.  We previously reported that 5M2P displays excited state 

stationary points and two-state conical intersections very similar to those found in 

cytosine, both in character and general distortion of the 2-pyrimidinone ring system.10,11  

Such is also the case with the three-state conical intersections, and indeed 5M2P will be 
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shown in this report to contain three different ones, all of which are similar in character 

and distortion to the three located in cytosine.  This work, in agreement with our previous 

work, shows that cis are a consequence of the ring system and its distortions.  In addition, 

the location of three different intersections in these two bases certainly underscores their 

importance and frequency in these biologically important chromophore systems. 

The methods used in this study will be presented in Section 5.2, including the 

theoretical treatments and software used.  Results on cytosine and 5M2P will be 

presented in Section 5.3, and we will conclude in Section 5.4. 

 

5.2 Methods 

The methods used here are similar to our previous work on cytosine and 

5M2P.10,11  The basis sets for all atoms were the double-ζ plus polarization (cc-pvdz) 

Gaussian basis sets of Dunning.123  Cytosine (5M2P) has 58 electrons in total, with eight 

heavy atoms (N, O and C), and five (six) hydrogens.  All calculations were carried out 

with no symmetry restrictions.  Molecular orbitals were obtained from a state-averaged 

multi-configuration self-consistent field (SA-MCSCF) procedure for the first five singlet 

states, unless otherwise specified.  The five lowest singlet states arise from excitations of 

π, nN and nO electrons to π∗ orbitals, and so the complete active set of orbitals (CAS) was 

chosen to be 7 π, 1 nN, and 1 nO, the last two corresponding to nitrogen and oxygen lone-

pairs (LP), respectively. This CAS contains twelve electrons in nine orbitals, and is 

denoted as (12, 9).  The CASSCF calculation generated 2520 reference configurations 

from this active space, which were used for all subsequent MRCI calculations presented 

here.      
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Three different MRCI expansions were used in this study, similarly to previous 

publications.10,11  MRCI1 included only single excitation configuration state functions 

(CSFs) generated from the CAS orbitals, with the core 1s, σ orbitals and one oxygen 

lone-pair remaining always frozen.  This low-level expansion contained about 650,000 

CSFs, and was used for conical intersection searches,60,61 minimum energy paths, and the 

calculation of nonadiabatic couplings.  The next expansion, labeled MRCIσπ1, 

incorporated dynamical correlation of the σ electrons with the π and non-bond electrons.  

Dynamical correlation of σ and active electrons has been shown to be important in 

describing the excited states of organic π-systems,79,125-127,148 including aromatic 

heteroatom systems, such as the nucleobases.13,94,97,129-131  For the MRCIσπ1 expansion, 

only single excitation CSFs were included in the expansion, generating approximately 10 

million CSFs.  1s core orbitals were maintained as frozen.  This expansion was used to 

refine the geometries of some of the MRCI1 conical intersections.  The third expansion 

used, labeled MRCIσπ2, includes single excitations from the σ electrons and one oxygen 

lone-pair, plus single and double excitations from the CAS orbitals into the virtual 

orbitals.  Double excitations dramatically increase the number of configurations in the 

expansion, with MRCIσπ2 for the two bases in this study having over 121 million CSFs.  

Due to its computational expense, MRCIσπ2 was only used for single point calculations 

of three-state conical intersections. 

The software used for all calculations was a modified version of the COLUMBUS 

Quantum Chemistry Program Suite, which includes algorithms for locating two- and 

three-state conical intersections.59-61,63,80,132  The algorithms use analytic gradients for 
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MRCI wave functions available in COLUMBUS.81  Molecular visualization and 

graphical rendering were done with Molden133 and Origin.192   

 

5.3 Results and Discussion 

 In this discussion geometries are denoted by R.  The equilibrium geometry for the 

singlet state SI is denoted as Re(SI).   Minimum energy points of two-state conical 

intersection seams between states SI and SJ are denoted as Rx(ciIJ).  Minimum energy 

points of three-state conical intersection seams between states SI, SJ, and SK are denoted 

as Rx(ciIJK).   Ground state is abbreviated as gs, and corresponds to the closed-shell 

state.  It should be noted that depending on the situation described, the closed-shell state 

may or may not be the lowest energy state, but will still be referred to as gs. 
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Figure 5.1   The structures of cytosine and 5M2P with numbering for all geometries 

presented in this paper. 

5.3.1 Cytosine 

The tautomer used for cytosine is the keto-form free-base (Figure 5.1).  Due to its 

large dipole, the keto-form tautomer is likely to be the most stable in aqueous and 

physiological environments.100  Previously we reported11 the excited singlet state energies  
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CYTOSINE S0 S1 S2 S3 

MRCI1 results      

Re(S0)
e 0.00a 5.10 5.39 5.89 

Rx1(ci012) 5.39 5.40 5.40  
Rx2(ci012) 5.14 5.14 5.14 8.32 
Rx(ci123)  1.16 4.99 4.99 4.99 

MRCIσσσσππππ1 results     

Re(S0)
 e 0.00b 4.94 5.13 5.62 

Rx1(ci012) d 5.40 5.40 5.40  

Rx2(ci012) d 6.58 6.58 6.58  

Rx(ci123)  1.10 4.75 4.84 4.89 
MRCIσσσσππππ2 results     

Re(S0)
 e  0.00c   5.14   5.29    5.93 

Rx1(ci012) d 5.08   5.27   5.43  
Rx2(ci012) d 7.01   7.06   7.08  
Rx(ci123) d 1.05   4.87   5.01    5.10 

 

Table 5.1   S0 to S3 energies at three levels of correlation for various geometries.  All values are 

in eV referenced to the S0 of the minimized ground state at the MRCI level indicated.  aMRCI1 S0 

energy for ground state of cytosine is -392.775646 Hartree, 5M2P is -376.764236 Hartree.  

�MRCIσπ1 S0 energy for ground state of cytosine -392.911623 Hartree, 5M2P is -376.902336 

Hartree.  cMRCIσπ2 S0 energy for ground state of cytosine is -393.034481 Hartree, 5M2P is -

377.013689 Hartree.  dIndicates geometry was optimized at the MRCIσ�1 level, otherwise the 

geometry used was optimized at the MRCI1 level.  eData for cytosine Re(S0) taken from Kistler 

and Matsika.11  f Data for 5M2P Re(S0) taken from Kistler and Matsika.10  



 170 

 

5M2P     

MRCI1 results     
Re(S0)

 f 0.00a 4.66 4.67 5.36 
Rx1(ci012) 5.03 5.03 5.03 7.86 
Rx2(ci012) 4.74 4.74 4.74 7.79 
Rx(ci123)  0.80 4.39 4.39 4.39 

MRCIσσσσππππ1 results     
Re(S0)

 d,f 0.00b 4.35 4.35 4.91 
Rx1(ci012) d 5.25 5.25 5.25  
Rx2(ci012) d 5.91 5.91 5.91 5.41 
Rx(ci123)  0.71 4.16 4.26 4.30 

MRCIσσσσππππ2 results     
Re(S0)

 d,f 0.00c 4.37 4.42 5.07 
Rx1(ci012) d 5.18 5.29 5.36  
Rx2(ci012) d 6.55 6.56 6.60  
Rx(ci123)  0.74 4.20 4.39 4.45 

 

Table 5.1 continued   S0 to S3 energies at three levels of correlation for various geometries.  All 

values are in eV referenced to the S0 of the minimized ground state at the MRCI level indicated.  

aMRCI1 S0 energy for ground state of cytosine is -392.775646 Hartree, 5M2P is -376.764236 

Hartree.  �MRCIσπ1 S0 energy for ground state of cytosine -392.911623 Hartree, 5M2P is -

376.902336 Hartree.  cMRCIσπ2 S0 energy for ground state of cytosine is -393.034481 Hartree, 

5M2P is -377.013689 Hartree.  dIndicates geometry was optimized at the MRCIσ�1 level, 

otherwise the geometry used was optimized at the MRCI1 level.  eData for cytosine Re(S0) taken 

from Kistler and Matsika.11   fData for 5M2P Re(S0) taken from Kistler and Matsika.10  
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at vertical excitation at the MRCI level (Table 5.1).  S1 is ππ* at 5.14 eV, S2 is nNπ* at 

5.29 eV and S3 is nOπ* at 5.93 eV (MRCI��2).  Three two-state cis were found between 

the S1 surface and the S0 surface, with two of them being energetically accessible by the 

excited state population generated at vertical excitation, therefore constituting viable 

nonadiabatic decay channels to the ground state.   One ci, labeled Rx(ci01)twist, displayed 

a dihedral twist about the C5-C6 bond, and the other, labeled Rx(ci01)sofa, had a sofa 

conformation in the ring where N3 is out of plane and the remaining five ring atoms close 

to coplanar.  In addition, two-state ci12 intersections between the ππ* surface and either 

the nNπ* surface or the nOπ* surface were located.  A ci23 intersection between the nNπ* 

and nOπ* surfaces was also located.  These cis were thought to facilitate transitions of 

dark S2 and S3 nπ* population from vertical excitation onto to ππ* surface.  The relative 

similarities in geometries and closeness in energies of many of these intersections and S1 

stationary points we reported suggest that three-state conical intersections may be present 

and close by.  We report in this paper the location of two different S0-S1-S2 intersections 

and a S1-S2-S3 intersection, detailed in the next section. 

 

5.3.1.1 Energies and geometries for the three-state conical intersections 

5.3.1.1.1  Rx1(ci012):  gs/nNππππ*/ππππππππ*.   Table 5.1 lists the energies of the three-state 

conical intersections discussed in this report, at all three levels of MRCI, as well as those 

of the equilibrium ground state, Re(S0), for comparison.  Table 5.2 provides bond length 

and angle data for MRCI levels up to MRCI�π1, where applicable.  A three-state seam 

between the closed-shell, ππ*, and nNπ* surfaces was located by a three-state seam  
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 Re(S0) 
MRCI1 

Rx1(ci012) 
MRCI1 

Rx1(ci012) 
MRCIσπ1 

Rx2(ci012) 
MRCI1 

Rx2(ci012) 
MRCIσπ1 

Rx(ci123) 
MRCI1 

N3-C2 1.383 1.367 1.383 1.248 1.264 1.338 
N1-C2 1.403 1.447 1.414 1.335 1.359 1.374 
N1-C6 1.354 1.380 1.406 1.399 1.472 1.464 
C5-C6 1.356 1.492 1.496 1.529 1.536 1.316 
C4-N3 1.298 1.396 1.370 1.489 1.512 1.350 
C4-N7 1.380 1.378 1.382 1.393 1.410 1.421 
C4-C5 1.443 1.347 1.376 1.325 1.335 1.447 
C2-O8 1.195 1.234 1.200 1.482 1.572 1.273 

       
C4-N3-C2 120.1 127.5 124.0 111.3 108.7 128.3 
C6-N1-C2 123.6 112.3 111.8 122.0 120.5 120.9 
N1-C2-N3 116.4 106.2 108.4 132.0 136.2 114.9 
O8-C2-N3 123.8 129.7 126.6 122.3 118.9 126.1 
O8-C2-N1 119.8 123.8 124.7 105.7 104.9 119.0 
C5-C6-N1 119.7 114.3 111.1 110.1 105.8 120.4 
C4-C5-C6 116.1 110.6 111.4 121.7 127.4 119.0 
N7-C4-N3 117.9 116.3 119.7 108.9 108.5 118.5 
C5-C4-N3 124.1 111.5 110.7 122.2 120.5 116.5 
C5-C4-N7 118.0 129.0 127.8 128.9 130.7 124.8 

 

Table 5.2   Selected bond lengths and angles for cytosine ground state and the three three-state 

conical intersections presented in this report.  Bond lengths are in Å, angles are in degrees.  

Geometries are optimized at MRCI1 or MRCIσ�1 level, as indicated in the column heading for 

each geometry. 



 173 

search close to Rx(ci01)twist,11 which has previously been theoretically shown to be 

directly involved in the radiationless decay mechanism of excited cytosine to the ground 

state.  Optimization on the three-state seam at the MRCI1 level reached a minimum on 

the seam at 5.40 eV, which at this level of theory is about 0.3 eV higher than S1 at 

vertical excitation (Table 5.1).  This three-state ci is labeled Rx1(ci012), and its structure 

is shown in Figure 5.2a.  The ring is distorted considerably from its ground state planar 

geometry, with a 50˚ butterfly fold along the N3-C6 axis through the base.  Like the two-

state ci Rx(ci01)twist, there is considerable twisting about the C5-C6 bond, with the H5-C5- 

C6-H6 dihedral angle at about 100˚.  This weakening of the C5-C6 bond is reflected in its 

length, which is about 0.14 Å longer than in the ground state.  C4-N3 is also stretched by 

about 0.1 Å.  Further optimization of the geometry at the MRCI�π1 level did not change 

the geometry or energies significantly (Table 5.1), implying a low sensitivity to the 

intermediate level of dynamical correlation included at this level.  At the highest level of 

dynamical correlation, the MRCI�π2 energies of the MRCI�π1 geometry stabilized on 

average (Table 5.1).  The energies of the three states are 5.08, 5.27 and 5.43 eV, with an 

overall average energy of 5.26 eV, shown graphically in Figure 5.2b.  This energy is 

about 0.13 eV above S1 at vertical excitation at this level of dynamical correlation, which 

may be close enough to have an impact on the dynamics of the excited state population 

after absorption of ultraviolet light.  In Section 5.3.1.2, we will show that the S0-S1 seam 

from Rx1(ci012) leads back to the Rx(ci01)twist gs/ππ* conical intersection, and that the 

S1-S2 seam from Rx1(ci012) is connected to a previously reported11 ππ*/ nNπ* S1-S2 

conical intersection. 
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5.3.1.1.2  Rx2(ci012):  gs/nOππππ*/ππππππππ*.   Another S0-S1-S2 conical intersection was 

located in cytosine, between the closed-shell, nOπ*, and ππ* PESs, labeled Rx2(ci012).  

Energies are listed in Table 5.1, bond and angle data are listed in Table 5.2, and its 

structure is shown in Figure 5.2.  At the MRCI1 level, the energy of the minimum point 

on the seam is 5.14 eV, which is only 0.04 eV above S1 at vertical excitation.  The 

MRCI1 geometry is largely planar, but rather distorted compared to the ground state, 

with the bonds C2-N3, N1-C2 and C4-C5 compressed compared to the ground state by 

about 0.1 Å, and the bonds C5-C6, N3-C4 stretched in comparison by about 0.2 Å.  The 

carbonyl bond is stretched by almost 0.3 Å compared to the ground state, and C6 is 

pyramidalized, with the C6-H6 bond out of plane by about 50˚.  Optimizing this geometry 

at the MRCI�π1 level dramatically increased the energy of the lowest point found on the 

three-state seam at this level to 6.58 eV, and the geometry is more distorted compared to 

the MRCI1 geometry for this intersection (Figure 5.2a).  The largest differences are the 

N1-C6 and carbonyl bonds, which stretch by another 0.07 and 0.09 Å, respectively.  Also, 

the ring has a butterfly fold of about 30˚ along the N3-C6 axis.  Further addition of 

dynamical correlation by calculating the energies of the MRCI�π1 geometry of 

Rx2(ci012) at the MRCI�π2 level increased the energies another 0.5 eV more, to 7.06 eV 

(Fig. 2b).  The high energy of this conical intersection compared to vertical excitation 

energies implies that Rx2(ci012) does not play a major role in the radiationless decay 

mechanism of cytosine.  The increase in degenerate energies of about 1.5 eV by adding 

dynamical correlation was surprising to us, but a closer look at the PESs involved 

provides a better understanding of this behavior.  The closed-shell surface is very steep at 

this ci, and its energy is strongly affected by increased correlation.  As a result, locating 
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the three-state degeneracy at the higher levels of theory can give a very different energy 

than at the MRCI1 level.  The dramatic increase in energy with added dynamical 

correlation for this ci is not without precedent.  Blancafort and Robb107 located a near-

degeneracy point between the ground state, ππ*, and nOπ* surfaces with a geometry 

extremely similar to the MRCI1 geometry of Rx2(ci012) using CASSCF.  In their study, 

this point also increased its energies by about 2.5 eV when more correlated energies were 

calculated using CAS-PT2, although their geometry was not optimized on the three-state 

seam at the CAS-PT2 level.   
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Figure 5.2   Structures and energies of three-state conical intersections for cytosine and 5M2P.  a) 

Structures are shown, along with the level of MRCI used to optimize the structure.  b)  MRCI��2 

energies in eV for the three-state ci and two previously reported11 two-state ci compared to 

vertical excitation for cytosine (large blue bars) and 5M2P (small red bars).   

 

5.3.1.1.3   Rx(ci123):  nNππππ*/nOππππ*/ππππππππ*.   A three-state seam has also been found 

between the excited states S1, S2 and S3.  The minimum point on the S1-S2-S3 

nNπ*/nOπ*/ππ* seam is presented here, labeled Rx(ci123), with MRCI energies listed in 
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Table 5.1, and bond and angle data listed in Table 5.2.  Its structure is shown in Figure 

5.2a.  The geometry is largely planar, with pyramidalization at N1 and C4, putting the 

amino group and H1 out of plane by 21˚ and 45˚, respectively.  The largest bond changes 

compared to the ground state geometry are N1-C6, which increases by about 0.1 Å, and 

the carbonyl, which increases by about 0.08 Å.  The MRCI1 energy for this conical 

intersection is 4.99 eV, about 0.1 eV lower than vertical excitation to S1 at this level of 

theory.  At the highest level of dynamical correlation, the MRCI�π2 energies of the 

MRCI1 geometry were also very close to each other, with an average energy of 4.99 eV 

(Figure 5.2b), which is about 0.15 eV below vertical excitation to S1 at this level of 

theory.  Since all three levels of MRCI predict the energy of Rx(ci123) to be lower than 

vertical excitation energy, this three-state conical intersection could participate in the 

relaxation of S2 nNπ* and S3 nOπ* population at vertical excitation onto the S1 ππ* PES.11  

The funneling of S2 and S3 populations from the Franck-Condon (FC) region onto S1 is 

also possible through a ci23 and two different ci12 conical intersections, which we 

reported previously.11   

5.3.1.2  Two-state seam paths from the three-state conical intersections    

The branching space at a three-state ci is five-dimensional.  Three-state 

degeneracy is lifted linearly along these five branching coordinates.  Degeneracy can be 

lifted partially within a three-dimensional subspace of the branching space where two 

states remain degenerate, forming two-state seams.64,193,194  The gradient of the two-state 

seams can be followed to their respective seam minima by constraining the branching 

coordinates and optimizing the energy on the seam coordinates, creating a “seam path” of 

two-state degeneracy.  Of note, a seam path is not an intrinsic reaction coordinate (IRC) 
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path, which generally follows the mass-weighted gradient of an individual PES along a 

single internal coordinate to its zero-gradient geometry, that is, a stationary point.  We 

present two-state seam paths from the three-state conical intersections described in 

Section 5.3.1.1 here, and demonstrate connectivity between all ci points reported through 

these paths. 

5.3.1.2.1  Two-state seam paths from Rx1(ci012).   Starting from the Rx1(ci012) 

MRCI1 geometry, minimum energy paths on both the S0-S1 and S1-S2 seams were 

followed.  Figure 5.3 shows the S0-S1 seam path from Rx1(ci012), calculated at the 

MRCI1 level using references generated from a three state averaged SA-MCSCF 

calculation.  The seam is plotted as a function of �N1-C2-N3, which increases by 

approximately 12˚ to the minimum of the seam gradient at 4.12 eV, and the dihedral 

angle �C4-C5-C6-N1, which remains essentially constant at about 130˚ throughout the 

seam path, save for a change of about 7° where �N1-C2-N3 changes from 112° to 114°.  

This dihedral coordinate is involved with the “twist” around the C5-C6 bond, and 

becomes part of the seam coordinates in this small section of the seam.  The lowest S0-S1 

seam point is Rx(ci01)twist, one of the two previously reported gs/ππ* decay channels for 

cytosine.11  Also shown in the same plot is the mass-weighted gradient pathway from 

Rx(ci01)twist to the ground state minimum, Re(S0), one of the pathways shown to be 

important in the radiationless decay mechanism of cytosine in our previous work.  The 

C5-C6 bond twist is one of the branching coordinates for Rx(ci01)twist, and thus this 

coordinate (�C4-C5-C6-N1) remains largely constant for the S0-S1 seam from Rx1(ci012)  
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Figure 5.3   S0-S1 seam path from cytosine’s Rx1(ci012) to Rx(ci01) twist and gradient 

pathway from Rx(ci01)twist to Re(S0).  The first three singlet energies (MRCI1) are plotted 

with respect to the dihedral angle �C4-C5-C6-N1 and the angle �N1-C2-N3.  S0 is shown 

with black spheres, S1 ππ* with red spheres, and S2 nNπ* with green spheres.  The FC 

region is shown with a blue vertical arrow.  The grey points on the graph floor are the 

projection of data onto the E = -0.5 eV plane. 
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to Rx(ci01)twist, while it is a main coordinate for branching off of this seam and following 

the S0 gradient to Re(S0), corresponding to an increase in this dihedral angle to 180˚ at the  

planar minimum.  The second coordinate used in the plot, � N1-C2-N3, is clearly a seam 

coordinate along  the S0-S1 seam, since it increases several degrees while the two PESs 

remain degenerate, and then remains largely constant along the pathway from 

Rx(ci01)twist to Re(S0).  By combining these two pathways, connectivity between 

Rx1(ci012), Rx(ci01)twist and the FC region is demonstrated.  Further more, it should be 

noted that while it is common to report the minimum on the S0-S1 seam as the channel for 

nonadiabatic ultrafast relaxation of S1 population to the ground state, in fact S1 population 

reaching anywhere along this seam will also decay rapidly. As such, it seems reasonable 

that vibrationally hot S1 population from vertical excitation could then, barring any 

additional barriers, access the gs/ππ* seam anywhere between Rx(ci01)twist and 

Rx1(ci012).  Later in this paper we will present the results of calculations of the 

nonadiabatic coupling around several points along this S0-S1 seam from Rx1(ci012).  

 The S1-S2 seam from Rx1(ci012) was also followed at the MRCI1 level, as shown 

in Figure 5.4.  The coordinates chosen to plot this seam path were �N1-C2-N3 and the C5-

C6 bond length, R(C5-C6).  The gradient of this seam leads very close to a ππ*/nNπ* ci 

which we have previously reported for cytosine,11 at the MRCI1 energy 4.61 eV (labeled 

Rx(ci12)’ in that report), although the ring is slightly folded by about 20˚ along the N3-C6 

axis, whereas the previously reported ci12 was planar.  The bonds and angles are all 

within 1% of those of Rx(ci12)’.  Also shown in the Figure 5.4 plot are two other S1-S2  
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Figure 5.4   S1-S2 ππ*/nNπ* seam paths from cytosine’s Rx1(ci012), Rx(ci123), and 

vertical excitation.  The first three to four singlet energies (MRCI1) are plotted with 

respect to the R(C5-C6) in Å and the angle �N1-C2-N3 in degrees.  S0 is shown with black 

spheres, S1 ππ* with red spheres, S2 nNπ* with green spheres, and S3 nOπ* with blue 

spheres.  The FC region is shown with a blue vertical arrow.  The grey points on the 

graph floor are the projection of data onto the E = -0.5 eV plane.   
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seam pathways that lead to Rx(ci12)’, one that is close to vertical excitation, which has 

been reported previously,11 and the other from Rx(ci123), which will be presented later in 

this paper.  Again, these figures demonstrate the connectivity of the two- and three-state 

cis. 

5.3.1.2.2 Two-state seam paths from Rx2(ci012).  Although the MRCI�π2 energy 

of Rx2(ci012) is very high, compared to MRCI1, and thus unlikely to be significantly 

involved with the photophysical behavior of cytosine, two-state seam paths were 

calculated from the MRCI1 geometry, since we want to demonstrate the connectivity of 

the two-state seams through the three-state ones.  Neither the S0-S1 or S1-S2 seam from 

this three-state conical intersection include the closed-shell ground state PES, but rather 

both are ππ*/nOπ* seams.  A two-state seam involving the closed-shell surface was not 

located, perhaps due to the steepness of that surface, or the nature of the algorithm used 

to optimize on two-state seams, or both.  The S0-S1 ππ*/nOπ* seam from Rx2(ci012) 

reaches a local minimum on the seam similar to our previously reported ππ*/nOπ* ci01 

(labeled Rx(ci01)’ in that paper11).  The S1-S2 seam from Rx2(ci012) leads to previously 

reported ππ*/nOπ* ci12 (labeled Rx(ci12) in that paper).     

5.3.1.2.3  Two-state seam path from Rx(ci123).  The S1-S2 seam followed from 

this three-state intersection is the ππ*/nNπ* seam, and is shown in Figure 5.4.  As was the 

case of the S1-S2 seam from Rx1(ci012), this seam also leads to the previously reported11 

ππ*/nNπ* Rx(ci12)’ at 4.61 eV.  The two coordinates chosen to plot this path are R(C5-

C6) and �N1-C2-N3.  It is clear from this 3-D plot that these two coordinates are part of 

the ππ*/nNπ* seam space from close to the FC region to both Rx(ci123) and Rx1(ci012).   
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Thus, it has been shown that two three-state ci and the FC region are all connected to a 

single two-state ci at the minimum of the S1-S2 ππ*/nNπ* seam space. 

5.3.1.3  Loops 

 In Section 5.3.1.2.1, we showed that the gs/ππ*/nNπ* three-state ci Rx1(ci012) 

was connected by the gs/ππ* S0-S1 seam to Rx(ci01)twist.  In this section we will present 

the results of calculating the nonadiabatic coupling terms and energies along loops 

around several points on this seam.  This particular seam was chosen since it appears to 

be important in terms of the radiationless decay of cytosine, with the seam minimum 

Rx(ci01)twist being an energetically accessible channel between the S1 ππ* PES and the S0 

ground state PES.   The presence of additional seams within such loops around two-state 

seam points, which becomes more likely in regions very close to a three-state ci, has been 

shown to have an induced geometric phase effect on the nonadiabatic coupling terms 

between all pairs of states involved in the three-state ci.66-68,73,193-196  This phase effect on 

the nonadiabatic coupling depends on the number of additional seams within the loop, 

and as such is an extra diagnostic, besides energetic degeneracy, for the presence of these 

additional seams.   

The development of the mathematics for calculating the nonadiabatic coupling 

between adiabatic states at the MRCI level has been described in detail 

elsewhere.47,60,154,197  The important points are briefly presented here.  The nonadiabatic 

coupling between adiabatic states J and I in terms of the nuclear coordinates R, fJI(R), is 

given as   

  ( ) =  I
JI J

∂ΨΨ
∂

f R
R

 (1.5)  
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where the integration is over all electronic coordinates.  In the MRCI framework the 

wave function is given in the basis of CSFs iφ  by I
I i ii

C φΨ =� , where I
iC are the 

coefficients of state I, as determined from solving the MRCI eigenvalue problem.  fJI(R) 

consists of two contributions, 

  
 ( ) ( ) ( ),CI CSF

JI JI JI= +f R f R f R  (1.6) 
 

 ,
,

1
( ) ,jJ I JI

JI i j i
i jI J

H
C C D

E E

φ
φ

∂∂= +
− ∂ ∂�f R

R R
 (1.7) 

 
where ( )CI

JIf R  is the CI contribution, ( )CSF
JIf R is the CSF contribution, and 

,
JI I J
i j i jD C C= ⋅  is the transition density matrix between state J and state I.  Generally, 

( )CI
JIf R  is the dominant term, with ( )CSF

JIf R very small in comparison.  At the conical 

intersection, EI = EJ, and the coupling between the two states is singular.  The two 

branching coordinates which lift degeneracy linearly from the conical intersection are the 

tuning vector and the coupling vector,41 denoted as gIJ and hIJ, respectively, using 

Yarkony’s notation.44,45  gJI is the energy difference gradient, and hJI is the gradient of the 

coupling between states I and J.  They are defined mathematically by  

 [ ]JI
I JE E

∂= −
∂

g
R

 (1.8) 

  

  =  | |JI
JI

H∂Ψ Ψ
∂

h
R

 (1.9) 

 
where EI  and ΨI  are the energy and eigenfunction of state I, respectively.  Making these 

two vectors orthogonal, polar coordinates (�, �) are defined by cosx ρ θ=  

and siny ρ θ= , where x and y are displacements along x̂  and ŷ , the intersection-adapted 
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coordinates, defined as ˆ
| |

JI

JI≡ gx
g

 and ˆ .
| |

JI

JI≡ hy
h

  f ( )CI
JI
θ R  is defined as the angular 

projection of ( )CI
JIf R  at � and radius � from the intersection.  Here � is in degrees, and 

so 10f ( )CI θ R has units of degree-1.  Given that 10 ( )CI f R  is singular at the S0-S1 conical 

intersection, the line integral 10f ( )CI dθ θ� R�  around a full 360° loop in the g-h plane 

should yield a value of 180, its residue, since it will contain the coupling singularity at the 

central conical intersection.  Yarkony has used perturbation theory to derive an analytical 

expression for 10f ( )CI θ R .197  To first-order, the conical intersection is a linear double-cone, 

and the analytical form for 10f ( )CI θ R , defined as 10f ( )An θ R , is given as 

 10 2 2 2 2f ( )
2( cos sin )

An gh
g h

θ

θ θ
=

+
R . (1.10) 

 
where 10g = g  and 10h = h .  Deviation of 10f ( )CI θ R  from 10f ( )An θ R  along a loop indicates 

a loss of linearity of the double-cone at that �, which can be caused by simple PES 

curvature, or by a third state PES which is close by or crossing the loop.  Here we will 

shorten the three f ( )CI
JI
θ R  to fCI

JI
θ .  If additional seams intersect within the loop, then, 

following the rules developed elsewhere for induced geometric phase effects,66,73,194-196 

10fCI θ  will display changes in phase commensurate with the number of additional seams 

contained, and the value of the line integral will be strongly altered.  The phases of 20fCI θ  

and 21fCI θ  should also follow geometric phase rules dependent on the number of seams 

included.  The induced geometric phase effect is a consequence of the requirement that 

the phase of the wave function I changes according to 

( ) ( ); 2 , ( 1) ; ,I I
ηθ π θ′ ′Ψ + = − Ψr R r R , when the wave function traverses a loop 
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containing � cis involving state I.66,73,195  ′R  indicates the nuclear coordinates excluding 

�, and r are the electronic coordinates.  The sign of equation (1.5) will reflect the 

corresponding phase changes of states I and J, dependent upon the number of seams 

involving those states. We present three cases of SI-SJ seam inclusion observed in this 

loop study, with commensurate geometric phase rules summarized in Table 5.3.   

 

 

 

 

Table 5.3   Geometric phase rules for 10fCI θ , 20fCI θ  and 21fCI θ for the three cases of seam inclusion 

observed along branching plane loops in this study, as described in the text.  “+” indicates overall 

phase retention along the loop, and “ − ” overall phase inversion along the loop. 

 

Four points on the S0-S1 gs/ππ* seam from Rx1(ci012) were chosen as centers for 

evaluating couplings and energies at the MRCI1 level on loops in the branching plane for 

each point, with radii � up to 0.07 bohr from each seam point.  These seam points are 

designated as A, B, C, and D, and they are shown in Figure 5.5 along with representations 

of the branching plane loops, and a general diagram defining �, �, and the intersection 

adapted coordinates.  The seam plot was generated from the same data points that were 

discussed in Section 5.3.1.2.1 and shown in Figure 5.3.  Seam point A corresponds to the 

minimum of the seam, Rx(ci01)twist.  Seam point B is energetically about half-way 

between Rx1(ci012) and Rx(ci01)twist, at 4.63 eV.  The change in seam energy gradient 

seen in the plot between points B and A corresponds to the region of the seam where 

 10
CI θf  20

CI θf  21
CI θf  Seams contained within loop 

Case 1 + −  −  S0-S1 seam only 
Case 2 −  + −  S0-S1 seam plus one S1-S2 seam 
Case 3 + −  −  S0-S1 seam plus two S1-S2 seams 
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�C4-C5-C6-N1 becomes a seam coordinate, as was discussed earlier. Seam point C is 

energetically about half-way between Rx1(ci012) and point B, at 5.13 eV, and seam point 

D is relatively close energetically to Rx1(ci012), at 5.22 eV, which is about 0.17 eV 

below Rx1(ci012).   This choice of seam points allows observation of how nonadiabatic 

coupling between states is influenced by proximity to additional seams, in this case S1-S2 

seams.  We will show that close proximity of the S0-S1 seam point to the S2 surface 

affects curvature of the S0-S1 double cone, making it less linear, and thus creating 

deviation of 10fCI θ  from 10fAn θ , although without actually incorporating the S1-S2 seam in 

the loop, the integral described above still retains its value of π.  Another case to consider 

is that where the loop around the S0-S1 seam point does incorporate an S1-S2 seam, which 

we will show alters the value of the integral itself by changing the phase of 10fCI θ .  For 

each loop reported here the following quantities were calculated:  10fCI θ , 10fAn θ , total 

magnitude of coupling between all pairs of states from S0 to S2, that is, |f10|, |f21|, and |f20|, 

and energies E0, E1, and E2.  For selected loops 20fCI θ  and 21fCI θ  were also calculated. The 

loops shown in Figure 5.5 are not meant to accurately describe the orientation of the 

branching plane, but rather they are shown to simply illustrate where they are located on 

the seam, and the number and size of the loops evaluated for each point.  Also, it cannot 

be assumed that the branching coordinates are constant from point to point.  Indeed, they 

change along the S0-S1 seam. 

The first loop presented is around A, Rx(ci01)twist, with a radius � = 0.05 bohr.  

Figure 5.6a shows the values of 10fCI θ and 10fAn θ , in deg-1, with respect to �.  The two curves 

are well matched, demonstrating that within this radius the double-cone is linear and not 
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Figure 5.5   Diagram itemizing branching plane loops carried out along the cytosine S0-

S1 seam from Rx1(ci012) to Rx(ci01)twist.  The x and y coordinates shown are normalized 

unit vectors in the directions of g and h, respectively, as defined by equations (1.8) and 

(1.9) in the text, with loop radius � and definition of � shown in the loop circle at the top.  

The four points chosen to evaluate loops around are labeled A, B, C, and D, and are 

described in the text.  � values are given for each loop reported.  The plot is based on the 

same S0-S1 seam points as shown in Fig. 3.   
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significantly influenced by S2 or an S1-S2 seam.  Using the trapezoid rule to estimate the 

area gives values of 180.3 and 179.1, respectively, showing that this loop includes only 

one seam, the central S0-S1 seam (Case 1, Table 5.3).  Figure 5.6b shows |f10|, |f21|, and 

|f20| with respect to �.  Because S0 and S1 are very close at this radius from the ci, and S2 

is greater than 6.5 eV, |f10| is always far higher in magnitude than |f21| or |f20|, with 

maxima of about 24 bohr-1 at � = 0° and -180°, corresponding to the two regions of the 

double cone where S0 and S1 are closest.  The energies for S0, S1, and S2 are shown in 

Figure 5.6c, with the switching of diabatic characters of S0 and S1 around the loop fairly 

evident.   

Plots for the loop around B, also with a radius of 0.05 bohr, are given in 

Supporting Information (Appendix D), Figures SI-5.1.198  They are qualitative similar to 

the plots for the loop around A.  Two loops were evaluated for point C, with radii � = 

0.01 and 0.05 bohr, with plots for these loops given in Supporting Information (Appendix 

D), Figures SI-5.2 and SI-5.3, respectively.  Both loops are Case 1 examples.  At � = 0.01 

bohr the double cone is quite linear, the S0 and S1 surfaces are strongly coupled and close 

energetically at this tight radius.  On the � = 0.05 bohr loop there is slight curvature of 

the double cone, and while S2 does not cross the S0-S1 branching plane within this radius, 

it approaches S1 closer than at � = 0.01 bohr, causing an increase in |f21|.   

 Of the four S0-S1 seam points discussed here, point D is the closest to 

Rx1(ci012), and this close proximity affects the nonadiabatic couplings and energies 

dramatically.  Four loops were evaluated around point D, with � = 0.01, 0.03, 0.05, and 

0.07 bohr.  Figure 5.7 presents the S0, S1 and S2 energies in eV with respect to � for each 

of the four loops around point D.   At � = 0.01 bohr (Fig. 7a), the spread of the three  
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Figure 5.6   Branching plane loop around A, � = 0.05 bohr.  a) 10fCI θ  (black squares) and 

10fAn θ  (blue diamonds), defined in equation (1.10), with respect to �, as defined in the text.  

b)   |f10| (black squares), |f21| (green triangles), and |f20| (red triangles), as defined in 

equation (1.7), with respect to �.  c) S0, S1, and S2 energies, in eV, referenced to the 

cytosine MRCI1 ground state energy, with respect to �. 
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energies is only about 0.2 eV.  Avoided crossings are evident, especially between S0 and 

S1.  At � = 0.03 bohr (Fig. 7b), the spread of energies is about 0.35 eV, and avoided 

crossings are much more overt than at 0.01 bohr.  The loop plot at radius � = 0.05 bohr 

(Fig. 7c) displays either crossings or very close avoided crossings between S1 and S2 at � 

= -130˚ and 30˚, indicating that the loop has intersected or is close to intersecting two S1-

S2 seam points.  At � = 0.07 bohr (Fig. 7d), the loop is passed these two seam points, but 

avoided crossings at � = -130˚ and 30˚ are still quite clear. 

10fCI θ , 20fCI θ  and 21fCI θ , along with 10fAn θ , were evaluated along the four loops around 

point D (Fig. 8).  At � = 0.01 bohr 10fCI θ  and 10fAn θ  are fairly well matched (Fig. 8a), and 

their integrals are both about 180.  The S0-S1 double cone is relatively linear at this 

radius.  20fCI θ  and 12fCI θ  both undergo overall phase inversion, and so, following the rules 

shown in Table 5.3, it is confirmed that no additional S1-S2 seams are contained in this 

loop (Case 1). At � = 0.03 bohr we see increased deviation of 10fCI θ  from 10fAn θ  (Fig. 8b).  

The integrals have values of 176.0 for 10fCI θ  and 178.7 for 10fAn θ , and no phase changes are 

observed:  the proximity of S2 is affecting the linearity of the double-cone, but S2 is not 

crossing within the loop, since, like at � = 0.01 bohr, 20fCI θ  and 21fCI θ  invert phase overall.  

Thus, no additional seams are present within the loop (Case 1).   The loop corresponding 

to � = 0.05 bohr around D (Fig. 8c) displays a dramatic change in 10fCI θ  as the result of this 

loop containing one state crossing between S1 and S2.  Both significant deviation from 

10fAn θ  and phase inversion are observed.  21fCI θ  also undergoes net phase inversion, but 

20fCI θ  does not (although the fact that 20fCI θ  is very close to zero at the two ends makes this  
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Figure 5.7    Energies along four branching plane loops around point D.   The S0, S1, and 

S2 energies referenced to the cytosine MRCI1 ground state energy, are shown with 

respect to � along four loops around point D on the S0-S1 branching-plane.   a) � = 0.01 

bohr, b) � = 0.03 bohr, c) � = 0.05 bohr, d) � = 0.07 bohr. 
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Figure 5.8    fCI
JI
θ  and 10fAn θ  along four branching plane loops around point D. 10fCI θ  

(black squares), 20fCI θ (red triangles) and 12fCI θ  (green triangles), as defined in the text, and 

10fAn θ (blue diamonds), as defined in equation (1.10) are shown with respect to �. a) � = 

0.01 bohr, b) � = 0.03 bohr, c) � = 0.05 bohr, d) � = 0.07 bohr. 
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assignment difficult).  Based on these results, we conclude that at � = 0.05 bohr, 

contained within the loop are the central S0-S1 seam and one additional S1-S2 seam, at 

about � = 20° (Case 2).  There is actually a second S1-S2 seam very close to the loop, but 

just outside it.  The loop with radius � = 0.07 bohr (Fig. 8d) fully includes two S1-S2 seam 

points along with the central S0-S1 seam (Case 3).  There are two clear angles where the 

phase of 10fCI θ  inverts, giving an overall phase retention, which would be expected based 

on the phase rules outlined earlier.  The integral of this coupling is 59.4.  21fCI θ  inverts 

phase once, at about 45°, also expected if two S1-S2 seams are contained in the loop.  

20fCI θ  appears to undergo a phase inversion at 90° (-270°).  Like in the � = 0.05 bohr loop, 

however, the small values of 20fCI θ  in the regions of 90° and -270°, due to the larger gap 

between S0 and S2, make this assignment somewhat tenuous. 

The magnitudes |f10|, |f 21| and |f20| on the four loops around point D are shown in 

Figure 5.9.  For the � = 0.01 bohr loop, it can be seen in Figure 5.9a that |f10| has maxima 

at about 100 and 80 bohr-1, and |f21| and |f21| have maxima of about 35 and 20 bohr-1, 

respectively, reflecting the spread of the three energies of only about 0.2 eV at this radius.  

At � = 0.03 bohr (Fig. 9b), |f21| has the largest maxima of about 50 and 80 bohr-1, which 

corresponds to the smallest energy gaps being for S1 to S2 (Fig. 7b).  At � = 0.05 bohr 

(Fig. 9c), the plot of total coupling magnitudes between each pair of states displays 

extremely high maxima for |f21|, with a value of over 1000 at � = -130˚, and almost 400 at 

� = 30˚.  These high couplings go along with the energies (Fig. 8c), where the loop either 

intersects state crossings at these two angles or are very close to doing so.  These two S1-

S2 crossings correspond to sharp changes in |f10| and |f20| at these angles, since the 

characters of S1 and S2 change abruptly.  This can be seen in Figure 5.10, where |fJI| data 
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from Figure 5.9c are plotted for values less than 25 bohr-1.  The “switching” of coupling 

magnitudes is clearly seen for |f10| and |f20| at the angles where S1 and S2 are crossing, or 

close to crossing.  In order to pin-point these two S1-S2 seam points, additional points on 

values of � and � around these crossings were evaluated.  A value of |f21| of 4825 bohr-1 

was calculated for � = 0.052 bohr and � = -131.5˚, which is outside of the � = 0.05 bohr 

loop by 0.002 bohr, and a value of 3035 bohr-1 was calculated for � = 0.048 bohr and � = 

25˚, which is inside the � = 0.05 bohr loop by 0.002 bohr.  The loop at � = 0.07 bohr (Fig. 

9d) incorporates the two additional S1-S2 seams completely, and it is about the same 

distance from them as � = 0.03 bohr loop, so |f21| displays similar magnitudes at the 

maxima of 40 – 80 bohr-1.  

By combining the energy values at all points calculated around point D, a 3-D 

surface plot for S0, S1 and S2 was generated using a Renka-Cline gridding routine.198  

This plot is shown in Figure 5.11.  The S0-S1 ci is seen at D, along with the two S1-S2 

seam points described above.  The diabatic character of each region is labeled (gs, ππ*, 

nNπ*) in various regions to show that one of the S1-S2 seam points is a ππ*/nNπ* crossing 

in the S0-S1 branching space of D, and the other is a gs/nNπ* crossing.  These three seams 

coalesce into one in the limit of Rx1(ci012).  It is interesting that in Fig. 11 one can see 

degeneracy lifted at all three seam points.  It appears that the projections of the branching 

coordinates of the two S1-S2 seam points onto the S0-S1 branching plane of D allows 

lifting of degeneracy at those two points, forming two more ci.   
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Figure 5.9    JIf along four branching plane loops around point D. 10f  (black squares), 

20f  (red triangles) and 21f  (green triangles) are shown with respect to �. a) � = 0.01 

bohr, b) � = 0.03 bohr, c) � = 0.05 bohr, d) � = 0.07 bohr. 



 196 

 

 

 

 

-270 -225 -180 -135 -90 -45 0 45 90
4

9

14

19

|f|
/b

oh
r-1

|f10|

|f20|

|f21|

�/deg

“switch”

“switch”

 

Figure 5.10    Detail of Figure 5.9c: branching plane loop around D, � = 0.05 bohr.  10f  

(black squares), 20f  (red triangles) and 21f  (green triangles) are shown with respect to � 

for data below 25 bohr-1.  Regions labeled “switch” correspond to state crossings at two 

S1-S2 seam points close to the loop, as described in the text. 
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Figure 5.11    S0, S1 and S2 PESs in the branching space of point D for cytosine, generated from 

the energies, calculated on loops with radii � = 0.01, 0.03, 0.05 and 0.07 bohr, shown on the floor 

of the plot.   The dominant diabatic characters of the surfaces are shown in various regions.  
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 5.3.2 5M2P 

 We have previously done theoretical studies on the excited states of 2-

pyrimidinone ring systems, analogs of cytosine.14  For one of these analogs, 5M2P, we 

have extensively studied the photophysical behavior and conical intersections,10 showing 

that there are striking similarities between 5M2P and cytosine in terms of electronic 

character of the important conical intersections and excited state stationary points, as well 

as the conformational distortions for these points.  We showed that it was the relative 

energies of these points that explained the differences in photophysical behavior between 

these two bases.  Here we demonstrate that the three-state conical intersections located in 

cytosine are also present in 5M2P, and that overall the PESs for bases of this type of ring 

system are qualitatively similar.    

 Three different three-state cis were located in 5M2P, with structures shown in 

Figure 5.2a.  Their energies at all levels of MRCI are listed in Table 5.1. Their bond and 

angle data are listed in Table 5.4.  These three intersections are labeled the same as those 

in cytosine,  Rx1(ci012), Rx2(ci012), and Rx(ci123), since they are intersections between 

the same states and state characters as the three discussed above for cytosine.  Indeed, the 

ring system distorts almost identically for each intersection geometry compared to those 

in cytosine.  Their structures and MRCI��2 energies are shown in Figure 5.2, along side 

the analogous intersection structures for cytosine.   

Rx1(ci012) is, like cytosine, a gs/ππ*/nNπ* conical intersection with an MRCIσπ2 

energy of 5.25 eV, which places it about 0.8 eV higher than vertical excitation for 5M2P 

at the highest level of dynamical correlation.10   In cytosine, this ci is only about 0.15 eV 

Rx1(ci012) in cytosine.  Additionally, the gradients of both S0-S1 and S1-S2 seams from 
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Re(S0) 

MRCIσπ1 
Rx1(ci012) 

MRCI1 
Rx1(ci012) 
MRCIσπ1 

Rx2(ci012) 
MRCI1 

Rx2(ci012) 
MRCIσπ1 

Rx(ci123) 
MRCI1 

C5-C6 1.371 1.501 1.510 1.536 1.507 1.366 
C4-C5 1.432 1.364 1.370 1.325 1.365 1.410 
C5-C7 1.508 1.502 1.501 1.498 1.502 1.510 
N3-C4 1.309 1.379 1.378 1.491 1.495 1.376 
N3-C2 1.383 1.333 1.356 1.239 1.240 1.326 
N1-C6 1.356 1.393 1.413 1.375 1.426 1.420 
N1-C2 1.397 1.519 1.475 1.339 1.342 1.373 
C2-O8 1.211 1.185 1.196 1.470 1.637 1.258 

       
C4-C5-C6 114.4 107.8 109.4 119.6 123.0 117.7 
C6-C5-C7 123.6 122.4 121.9 115.6 115.5 121.9 
C4-C5-C7 122.1 125.6 125.1 124.7 121.4 120.4 
N1-C6-C5 119.7 113.0 110.1 111.4 110.1 120.4 
N3-C4-C5 126.3 112.5 112.0 123.7 121.7 118.8 
C5-C4-H4 118.5 125.4 125.0 122.4 123.8 124.4 
N3-C4-H4 115.2 120.0 119.9 113.9 114.4 116.2 
N1-C2-N3 116.3 104.0 105.7 132.5 137.5 117.3 
N3-C2-O8 124.0 133.8 131.3 125.0 121.2 124.7 
N1-C2-O8 119.7 121.5 122.7 102.5 101.3 118.0 
C2-N3-C4 118.9 129.6 128.3 110.5 108.4 124.7 
C2-N1-C6 124.4 106.2 106.3 121.5 118.6 120.6 
C6-N1-H1 120.4 114.3 113.6 123.6 138.3 118.7 
C2-N1-H1 115.2 106.3 106.0 113.4 101.3 115.5 

 

Table 5.4   Selected bond lengths and angles for 5M2P ground state and the three three-

state conical intersections presented in this report.  Bond lengths are in Å, angles are in 

degrees.  Geometries are optimized at MRCI1 or MRCIσ�1 level, as indicated in the 

column heading for each geometry. 
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this ci lead to the same two-state cis as cytosine, that is, the twist ci01 (gs/ππ*) and the 

nNπ*/ππ* ci12.  These two cis in 5M2P were previously reported by us,10 and were 

labeled Rx(ci01)’ and Rx(ci12)’, respectively in that report.  These two seam paths are 

shown in Supporting Information (Appendix D), Figures SI-5.4 and SI-5.5, respectively.   

5M2P has a second ci012, and, like cytosine, it is a gs/ππ*/nOπ* intersection, 

labeled Rx2(ci012).  At the MRCI1 level, it has almost the same distortions as that of 

cytosine optimized at the same level of theory, with an energy of 4.74 eV.  Like cytosine, 

optimizing it at the MRCIσπ1 level raises its energy dramatically, to 5.25 eV, mainly by 

stretching the carbonyl further.  In contrast, however, the ring in cytosine distorts out of 

plane, whereas it does not significantly in 5M2P at this level of correlation.  The 

MRCIσπ2 energy of the MRCIσπ1 geometry, as is the case with cytosine, raises the 

energy even further to about 6.58 eV.  Thus, there is a similar effect of additional 

dynamical correlation on the energies of these three-state cis for these two bases.  The 

gradients of the two-state seams originating from 5M2P’s Rx2(ci012) lead to two two-

state cis that were previously reported,10 one the minimum of the S0-S1 seam, and one the 

minimum of the S1-S2 seam.  The cis at the minima are very similar to those located on 

the equivalent paths in cytosine.  These two seam paths are shown in Supporting 

Information (Appendix D), Figures SI-5.6 and SI-5.7, respectively.  

As was shown with cytosine, 5M2P also has a three-state ci involving S1, S2 and 

S3, as a ππ*/nNπ*/nOπ* conical intersection, labeled Rx(ci123).  The MRCIσπ2 energy of 

the MRCI1 geometry is almost unchanged at 4.36 eV (average of S1, S2 and S3), which 

makes this ci essentially equal to vertical excitation energy for 5M2P at this level of 

correlation.  Thus, like with cytosine, this ci could well be involved in funneling S2 and 
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S3 population at absorption onto the S1 surface (ππ*).  Of note, the S1-S2 seam path from 

Rx(ci123) in 5M2P (Figure SI-5.8, Appendix D) leads to the previously reported 

ππ*/nNπ* Rx(ci12)’, as it does with cytosine, and thus this two-state ci is, also like 

cytosine, connected by seam paths from Rx(ci123), Rx1(ci012), and also vertical 

excitation, which we presented in our previous report on 5M2P.10   

It is clear that the similarities that we reported in the distortions that 5M2P and 

cytosine undergo for all stationary points on the S1 ππ* surface, as well as two-state 

conical intersections located between all excited states, also include the three-state 

conical intersections located for these two bases.  It seems reasonable to infer from this 

that the distortions observed for all important geometries, as well as the general nature of 

seam and PES minimum path connections between these geometries are intrinsic to the 2-

pyrimidinone ring system.  The relative energies, however, are different, since the 

substituents affect regions of the PESs in different ways.  If the absorbed energy is low, 

then the energetic differences between 5M2P and cytosine govern the photophysics.  

However, if the absorbed energy is higher, and thus higher vibrational states on the 

excited electronic state PES are reached, then an otherwise energetically inaccessible 

seam space can be reached.  In this regime, the seam space should play a dominant role in 

the photophysics, and similarities of the seam spaces of the two molecules may become 

apparent.  

 

5.4  Conclusions 

We have presented in this report the location of three different three-state conical 

intersections for cytosine:  two S0-S1-S2 intersections (a gs/��*/nN�* and a gs/��*/nO�*), 
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and one S1-S2-S3 intersection (��*/nN�*/nO�*).  The energies of the S1-S2-S3 intersection 

are similar to or lower than the energies of the FC region, while the energies of the two 

S0-S1-S2 intersections are 0.1 and 1.5 eV higher than energies at vertical excitation.  

These energies suggest that two of the ci may play a role in nonadiabatic processes after 

photoexcitation.  The third one is two high in energy and does not appear to be 

accessible.   

The three-state cis are parts of two-state seams that have been found before11 to be 

important to the photophysical properties of cytosine.  Starting from one ci012, we follow 

the two-state seams to their minimum points, thus connecting this three-state ci to a 

previously located ci01 and ci12.  Even more interesting, we were able to connect two of 

the three-state ci to each other through two-state seams. 

 In addition, a detailed analysis of the nonadiabatic coupling between the S0, S1 

and S2 states at various points along the gs/ππ* seam from one S0-S1-S2 ci to the “twist” 

ci01 (gs/ππ*) were evaluated, as were the energies, on loops in the branching plane of 

this two-state seam.  It was shown that in the proximity of the three-state ci the coupling 

can be dramatically affected. 

 5-methyl-2-pyrimidinone, a fluorescent cytosine analog, with similar ring 

structure to cytosine, has also been theoretically shown to contain three different three-

state conical intersections, with state characters and conformational distortions almost 

identical to those found in cytosine.  What emerges from this study is the conclusion that 

the 2-pyrimidinone ring system, whether it is the case of cytosine, or some structurally 

similar analog, creates a particular and relatively predictable intrinsic pattern of ground 

and excited-state potential energy surfaces, including stationary points and conical 
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intersections between up to three surfaces, and that this pattern is observed in the state 

characters of these points, as well as how the ring system distorts to reach them.   
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Abstract 
 

A recently developed combined quantum mechanics/molecular mechanics (QM/MM) 

approach has been applied to the calculation of solvatochromic shifts of the excited 

states of the pyrimidine nucleobases uracil and cytosine in aqueous solution.  In this 

procedure the quantum mechanical solute is described using a multireference 

configuration interaction method while molecular dynamics simulations are used to 

obtain the structure of the solvent around the solute.  The Fragment Molecular Orbital 

Multi-Configuration Self Consistent Field (FMO-MCSCF) of Fedorov and Kitaura is also 

used and compared with the QM/MM results.  The two methods give similar results.  The 

solvatochromic shifts in uracil are found to be +0.41(+0.44) eV for the S1 excited state 

and -0.05(-0.19) eV for the S2 state at the QM/MM (FMO-MCSCF) level.  

Solvatochromic shifts in cytosine are calculated to be +0.25(+0.19), +0.56(+0.62), and 

+0.83(+0.83) eV for the S1, S2 and S3 states, respectively, at the QM/MM (FMO-

MCSCF) level. 
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6.1 Introduction 

The excited states of nucleic acid bases have been studied extensively in the past 

because of their biological importance.  The nucleobases are the primary chromophores 

in DNA and RNA absorbing UV radiation which may initiate photochemical reactions 

and subsequent photodamage.7,199,200
   For this reason the nature and dynamics of the 

excited states are particularly important, and much work has been done investigating 

them, experimentally and theoretically.  Although most of the computational work has 

been done for the gas phase nucleobases, one of the fundamental questions is how the 

solvent affects the excited states and their dynamical behavior. 

Describing solvatochromic shifts with accurate ab initio methods is a challenging 

task involving two problems that are difficult to model even with modern quantum 

mechanical methods:  the accurate description of solvent effects, and the accurate 

description of excited electronic states.  As the size of the molecules increases the 

computational challenge increases even more rapidly making the study of solvated 

polyatomic molecules a far from trivial problem.  There are various levels of 

sophistication for including solvent effects in the theoretical treatment of molecular 

systems, ranging from continuum models201-203
 to discrete representations.204-206

   

Solvation effects on the nucleobases have been taken into account using explicit water 

molecules, continuum solvation models or molecular ��dynamics (MD) 

simulations.96,101,120,165,207-221
   

Recently we developed a quantum mechanics/molecular mechanics (QM/MM) 

methodology that uses multireference configuration interaction (MRCI) to describe the 

quantum mechanical system.222  The MRCI method is very suitable for the description of 
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excited states, mixed character (multireference) states, and distorted geometries.  The 

availability of analytic gradients for the MRCI wave functions makes it optimum for 

studies of excited states away from the Franck−Condon region and in nonadiabatic 

processes.61,63,81,82,94,223-226  In order to utilize these advantages in solvated studies we 

combined high-level MRCI description for the solute and a detailed description of the 

solvent structure obtained from MD simulations using a classical force field.  In this 

approach, the averaged solvent electrostatic potential (ASEP) in grid points enveloping 

the van der Waals surface of the molecule is calculated and represented by fitted partial 

charges.  An effective Schrödinger equation, including this set of partial charges, is then 

solved providing ground- and excited-state wave functions and energies in the presence 

of the ASEP potential.  This mean-field approach was originally developed by Aguilar 

and co-workers.83-85,89,227,228  The method has been implemented in the COLUMBUS 

suite of programs59,80,229,230 and tested previously in studies of the solvent effect on the 

nO�* electronic transition in formaldehyde.  Here it is used to study the pyrimidine bases 

uracil and cytosine (Figure  6.1) in aqueous phases.  Our future goal is to extend our 

studies of excited-state relaxation mechanisms of cytosine and uracil in the gas phase to 

aqueous environments.  In order to do so we are using and testing the QM/MM 

methodology for vertical absorptions, which have been extensively studied previously 

theoretically and experimentally.  

The QM/MM approach utilized here can produce statistically converged results 

since it is able to use a very large number of configurations because of the averaging 

scheme used.  The solvent molecules, however, are included in the QM calculation only 

as point charges fitted to reproduce the average potential.  In order to test the accuracy of 
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this approximation we also used the fragment molecular orbital multiconfiguration self-

consistent field (FMO-MCSCF) developed by Fedorov and Kitaura.86  The FMO method 

provides an efficient way to treat large systems quantum mechanically, and it has been 

combined with a variety of quantum mechanical methods beyond HF, such as TDDFT, 

CIS, MCCSF, and CIS(D).86,87,231-238  This method can treat both the solute and solvent 

quantum mechanically, and it can approach the accuracy of a full supersystem MCSCF 

calculation, with far less computational expense. The FMO-MCSCF method has been 

tested previously in various applications, but only one study has been published where 

the method is applied to calculate solvatochromic shifts.86  In that example, the transition 

involved excitation of aqueous phenol from the ground-state singlet state to the first 

triplet state, thus involving different spin multiplicities. In this report we present, to the 

best of our knowledge, the first multistate excitation study of solvatochromism using 

FMO-MCSCF. 

 

          Figure 6.1  Uracil and cytosine labeling of the atoms. 

 

The methodological approaches used in this work, QM/MM and FMO, along with 

the computational details, are discussed in Section 6.2, and results are presented and 

discussed in Section 6.3. 
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6.2 Methodology 

6.2.1 QM/MM 

In a QM/MM approach the Hamiltonian for the whole system may be partitioned 

as  

 /
ˆ ˆ ˆ ˆ QM MM QM MMH H H H= + +  (6.1) 

with terms that correspond to the quantum part, ˆ
QMH , the classical part, ˆ

MMH , and the 

interaction between them, /
ˆ

QM MMH .  When studying solvent effects the separation in a 

quantum and classical part can be made naturally, with the quantum part involving only 

the solute molecule and the classical part including the solvent molecules.  The quantum 

mechanical method chosen to describe the solute system here is a multireference 

approach which best describes excited states, specifically an MCSCF approach is used 

initially, followed by MRCI.  The solvent is represented by classical force field 

interactions.  The coupling between the two parts, /
ˆ

QM MMH , includes the electrostatic and 

van der Waals interactions between the quantum and classical particles.  In a usual 

QM/MM approach a QM calculation is performed for each configuration of a dynamical 

simulation.  This approach requires thousands of QM calculations if statistical 

convergence is to be achieved. In order to avoid this bottleneck we have previously 

implemented a QM/MM method which uses an average approach introduced by Aguilar 

and co-workers.83,85  The procedure begins by performing one quantum calculation for 

the solute molecule in the gas phase.  The in vacuo solute geometry and partial charges 

are then used as input in the MD simulation.  The quantum mechanical determination of 

the partial charges used here is based on the CHELPG (charges from electrostatic 
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potentials using a grid-based method) algorithm.88  Then a classical MD simulation is run 

to obtain the structure of the solvent around the solute.  The electrostatic potential for all 

configurations is averaged to determine the ASEP, and this is fitted to a Coulomb 

potential produced by charges placed on a grid of points.  The set of charges is produced 

by a least-squares fitting procedure which gives the best charges that can represent ASEP 

as an effective Coulomb potential.  The final form introduced into the Hamiltonian is 

Coulomb interactions, with the charges now being fitted charges on a grid rather than 

atomic charges on the atoms.  The electronic wave function of the solute in solution is 

obtained by solving the associated effective Schrödinger equation.  More details of this 

approach can be found in our previous publication.222 

6.2.1.1 Molecular Dynamics Simulations  

MD simulations using the MOLDY molecular dynamics package239 were carried 

out in order to obtain the solvent structure around the solute molecules uracil and 

cytosine.  A cubic box of edge 19.895 Å containing 257 (in uracil) or 260 (in cytosine) 

rigid water molecules and a rigid solute molecule at the temperature of 298 K and 

constant volume was used.  Minimum image periodic boundary conditions240 were 

applied, and the particle mesh Ewald sum241-243 was used for charge interactions.  The 

system was initially equilibrated for 2 ns, and then configurations were collected for 

another 2 ns. A time step of 0.5 fs was used throughout.  Configurations were collected 

every 10 steps.  The rigid solute molecule has the gas-phase equilibrium geometry 

obtained at the quantum mechanical level of theory as described in Section 6.2.1.2.  This 

geometry was kept fixed in the MD simulation, since we focus on the vertical electronic 

transition.  Table  6.1 lists the parameters used to describe the force field: the 6−12 type 
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Lennard-Jones potential parameters � were taken from the Amber force field,244 whereas 

the partial charges for each atomic center were obtained using CHELPG and a 

Hartree−Fock/cc-pVDZ wave function.  These charges are not too different from 

AMBER charges, justifying the use of the remaining AMBER Lennard-Jones parameters.  

In general, the Lennard-Jones parameters should be optimized in combination with the 

charges in a particular force field, and problems may arise if one mixes parameters from 

different force fields.  TIP3P parameters were used for water.245 

6.2.1.2 Quantum Mechanical Calculations  

The ground-state geometries of uracil and cytosine were optimized using MRCI and the 

cc-pVDZ basis set.123  These geometries have been reported previously.11,94  The 

excitation energy calculations were carried out at the MRCI level using the cc-pVDZ 

basis set and orbitals from a state-averaged MCSCF (SA-MCSCF) procedure.  The 

details of the MCSCF and MRCI calculations were designed based on our previous 

experience and calculations on free uracil and cytosine.11,94  In uracil the complete active 

space (CAS), for both the MCSCF and MRCI expansions, consists of 12 electrons in 9 

molecular orbitals (MOs), denoted as (12,9), including all the � orbitals and one lone pair 

on oxygen, nO.  The active orbitals are shown in Figure  6.2.  A three-state averaged 

MCSCF was used to obtain the orbitals. These choices were based on the fact that the 

first two excited states on uracil that are of interest to us in this work originate from 

excitation of a � or nO orbital to a �* orbital.  The second nO orbital does not affect the 

excitation energies a lot, as we have seen in previous work.94  In cytosine the active space 

in both MCSCF and MRCI is also a (12,9), which includes seven � orbitals and two lone 

pairs.  The active orbitals are shown in Figure 6.3.  The two lone pairs in cytosine are one 
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on nitrogen and one on oxygen.  Four states were used in the SA-MCSCF.  The � 

electrons on the amino group do not affect the excitation energies significantly and have 

been excluded from the active space. 

Two MRCI schemes were used, one denoted MRCI1, which allows only single 

excitations from the active space, and the second one denoted MRCI2, which allows 

single excitations from all orbitals, except the eight core 1s orbitals which are frozen, in 

addition to single and double excitations from the CAS. The resulting expansions for 

MRCI2 had ca. 112 million configuration state functions. The COLUMBUS59,80,229,230 

suite of programs was used for these calculations. 

 

6.2.2 FMO-MCSCF 

The effect of explicit water solvent molecules on the excitation energies of 

cytosine and uracil was studied with MCSCF using the multilayer formulation of the 

FMO-MCSCF method of Fedorov, Kitaura, and co-workers.86,87,231  The QM/MM 

procedure outlined above does not take into account quantum interactions between the 

solvent and the solute or polarization between the solvent and the solute.  In order to 

improve our description and estimate some of these effects, 60 configurations were taken 

from the MD simulations and used in FMO calculations.  The configurations were chosen 

equally spaced in time during the simulation, taken every 25 ps.  In some of the 

calculations only half of these configurations were used, again equally spaced in time 

(every 50 ps).  Water molecules that were within a sphere of radius 7 Å from the atoms in 

the solute molecule   
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atom � (Å) � (kcal/mol) fitted charge (e) 
Uracil 

N3 1.8240 0.1700 −0.7174 
N1 1.8240 0.1700 −0.5109 
C2 1.9080 0.0860 0.8919 
C6 1.9080 0.0860 0.1835 
C5 1.9080 0.0860 −0.5510 
C4 1.9080 0.0860 0.9362 
O8 1.6612 0.2100 −0.6271 
O7 1.6612 0.2100 −0.6374 
H3 0.6000 0.0157 0.3705 
H1 0.6000 0.0157 0.3335 
H6 0.6000 0.0157 0.1402 
H5 1.4590 0.0150 0.1880 

Cytosine 
N3 1.8240 0.1700 −0.8708 
N1 1.8240 0.1700 −0.6685 
N7 1.8240 0.1700 −0.7525 
C2 1.9080 0.0860 1.0817 
C6 1.9080 0.0860 0.3527 
C5 1.9080 0.0860 −0.6979 
C4 1.9080 0.0860 0.9246 
O8 1.6612 0.2100 −0.6773 
H1 0.6000 0.0157 0.3533 
H6 1.4090 0.0150 0.1039 
H5 1.4590 0.0150 0.2129 
H7 0.6000 0.0157 0.3335 
H8 0.6000 0.0157 0.3045 

 
                     Table  6.1. Force field parameters for uracil and cytosine. 
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Figure  6.2. Molecular orbitals of uracil included in the active space. 
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Figure  6.3. Molecular orbitals of cytosine included in the active space. 
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were kept and included explicitly in the FMO calculations.  This gave 37−48 water 

molecules with an average of 43 molecules surrounding the solute.  The effect of the 

number of water molecules was tested, and it was found that the results do not change 

when more water molecules are included. 

The FMO method has been described in detail previously.86,87,231-238  Here we 

briefly present the important points as they apply to the systems reported in this work.  

The system was divided into two layers, with layer 1 consisting of the waters, treated as 

separate individual molecules, or monomers, and layer 2 consisting of either a cytosine or 

a uracil, as the solute monomer.  The geometry of the base was the same as in the 

QM/MM calculations, that of its gas-phase MRCI ground state, and its orientation was 

kept close to constant.  The atomic orbital basis sets used were cc-pVDZ for the waters 

and either cc-pVDZ or cc-pVTZ for cytosine and uracil.123  A restricted Hartree−Fock 

(RHF) calculation is performed for each monomer in the presence of the Coulomb field 

of all other monomers.  The electrostatic potential from the rest of the monomers, Vx, is 

calculated based on RHF densities  

 ( )|x KA

K x A K KA

Z
V Dµν ρσ

ρσ
µ ν µν ρσ

∉ ∈ ∈

� �� �= − +� �−� �� �
� � �r R

 (6.2) 

 
and added to the Fock operator F to solve the FMO equations.  Here x = 1 for monomers 

and x = IJ for dimers (two monomers combined as one), ZA and RA are the nuclear 

charges and coordinates, respectively, for atom A, and �, �, �, and � span the atomic 

orbitals.  DK is the density matrix of monomer K. An RHF calculation is carried out again 

for each monomer in the electrostatic potential generated by the other monomer densities, 

and this is repeated iteratively until the monomer densities for layer 1 are self-consistent.  

Dimers are then calculated using RHF, also in the potential of the rest of the monomer 
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densities, first within layer 1, then as dimers formed between each water in layer 1 and 

the cytosine or uracil of layer 2.  The inclusion of water−water and base−water dimers at 

the RHF level better describes hydrogen bonding quantum mechanically within each 

configuration and the commensurate effects on the MOs and densities of each monomer.  

Next, the MOs of the monomers of layer 1 are frozen, and the same RHF procedure is 

carried out on layer 2, which in this case contains only the base monomer.  An SA-

MCSCF calculation on the base monomer in layer 2 is then carried out for the first three 

or four singlet states, also in the potential generated by the RHF densities of the water 

molecules, using the same form for Vx, as given above.  The active space in the MCSCF 

is the same as in the gas phase and QM/MM calculations. FMO-MCSCF was carried out 

using GAMESS, version 24 MAR 2007 (R3).78 

In the multilayer form of FMO used here the exact dimer interactions are 

calculated at the RHF level while at the MCSCF level all pair interactions cancel out 

since they are the same for all states taken from the RHF of the ground state.  At the 

MCSCF level the solute is interacting with the electron density of the solvent taken from 

the RHF level.  Thus, any differential quantum effects between the electronic states are 

not included.  Full polarization of the solvent is included in FMO unlike the QM/MM 

approach.  The solvent density, however, is polarized through the ground state of the 

solute at the RHF level, and there is not any polarization due to the excited states. 

 

6.2.3 Polarizable Continuum Model (PCM) Solvent 

SA-MCSCF calculations were carried out for cytosine and uracil in water solvent 

described by a polarizable continuum model (PCM), as implemented in GAMESS.246  A 
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standard cavity was used where van der Waals radii were scaled by a scaling factor f = 

1.2.  The CASs were the same as described above, and the basis set was cc-pVDZ. Three 

states were averaged for uracil, whereas four states are averaged for cytosine, similarly to 

what was done in QM/MM and FMO. 

 

6.3 Results and Discussion 

6.3.1 Solvent Structure 
Basic characteristics of the solvent structure of aqueous solutions of uracil and 

cytosine can be obtained from the MD simulations. The solvent structure of the solute in 

water is characterized by the radial distribution functions (RDFs). Table  6.2 lists the 

positions, Rmax, Rmin, and amplitudes, gmax, gmin, of the maxima and minima of the first 

peaks of the RDFs. The labeling of the atoms used in this table can be found in Figure  

6.1. 

In uracil the RDFs show that there are hydrogen bonds between the oxygen atoms 

on the carbonyls of uracil and hydrogen on water with lengths of 1.85 Å.  The strength of 

the hydrogen bonds appears to be very similar for the two carbonyls. There are hydrogen 

bonds also between the hydrogen atoms on NH groups of uracil and oxygen on water.  

The hydrogen atoms on CH groups of uracil do not form clear hydrogen bonds, and the 

corresponding RDFs are broad without clear peaks at short distances.  Our results on 

uracil are compared with previous ab initio “Car−Parrinello” molecular dynamics on  
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  Rmax/Rmin gmax/gmin Rmax/Rmin (AIMD)a gmax/gmin (AIMD)a 

Uracil 
H1−Ow 1.95/2.55 0.98/0.42 1.80/2.50 1.06/0.37 
H3−Ow 1.95/2.55 1.15/0.31 1.80/2.40 1.00/0.17 
O8−Hw 1.85/2.45 1.17/0.26 1.80/2.50 1.15/0.24 
O7−Hw 1.85/2.45 1.17/0.26 1.80/2.30 1.36/0.25 

Cytosine 
O8−Hw 1.85/2.45 1.31/0.35     
N3−Hw 1.95/2.65 0.65/0.20     
H1−Ow 1.95/2.55 0.93/0.41     
H7−Ow 2.15/2.55 0.63/0.51     
H8−Ow 2.15/2.55 0.60/0.54     

 
Table  6.2.  Positions Rmax and Rmin (angstroms) and amplitudes gmax and gmin of the maxima and 

minima of the first peaks of radial distribution functions.  a Previous AIMD results.207 
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aqueous uracil.207  The RDFs peaks of that study are given in Table  6.2 as well.  The 

“Car−Parrinello” results show the same type of hydrogen bonds as our results, although 

the Rmax are somewhat shorter. Similarly to our results the RDFs corresponding to 

CH−Ow were broad in that study as well. In that work the ratio gmax/gmin was used to 

compare the strength of H1−Ow versus H3−Ow hydrogen bonds.  The ratio is higher for 

H3−Ow indicating a stronger bond.  This is also the case in our results. In general, 

comparison between our results and the more sophisticated “Car−Parrinello” results 

indicates that our MD dynamics describe solvation accurately enough to be used for the 

subsequent QM/MM studies. 

In cytosine there are hydrogen bonds between the oxygen on carbonyl and 

hydrogen on water, O8−Hw, N3 and hydrogen on water, N3−Hw, and also hydrogen bonds 

between the NH groups on cytosine and water oxygen.  There are three such cases, 

H1−Ow, H7−Ow, and H8−Ow.  Clusters of cytosine with various numbers of water 

(between 3 and 13) display hydrogen bonds at the same sites.247-249  The hydrogen-bond 

lengths from these cluster calculations were found to be O8−Hw 1.9−2.1 Å, N3−Hw 2.0 Å, 

H1−Ow 2.0−2.1 Å, H7−Ow and H8−Ow 2.0−2.2 Å. 

 

6.3.2 QM/MM Results 

6.3.2.1 Uracil  

The excited states of uracil in vacuo have been studied theoretically previously 

with ab initio methods ranging from CIS to highly correlated complete active space with 

perturbation theory corrections (CASPT2) methods, MRCI, time-dependent density 

functional theory (TDDFT), and variants of coupled 
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cluster.94,95,120,129,165,189,208,209,211,218,250-254  The first excited state, S1, is a dark nO�* state, 

whereas the second excited state, S2, is a bright ��* state.  The orbitals involved in the 

excitations are shown in Figure  6.2.  S1 is primarily an excitation from the nO to the �* 

(LUMO) orbital, whereas S2 is primarily an excitation from � (HOMO) to �* (LUMO).  

The excitation energies for these states vary considerably depending on the method used, 

especially for the ��* state.  A recent benchmark study using high-level completely 

renormalized equation-of-motion coupled cluster method with single, double, and 

approximate triple excitations (CR-EOM-CCSD(T)) and MRCI methods, in combination 

with large basis sets, provides the best estimates for the excitation energies to be 5.0 ± 0.1 

and 5.3 ± 0.1 eV for the S1 and S2 states, respectively.218  The MRCI2 expansion used 

here predicts these excitation energies 5.20 and 5.90 eV.  As we will see below, although 

the excitation energies are very difficult to calculate accurately, the solvatochromic shifts 

do not depend much on the level of correlation. 

In Table  6.3, the calculated vertical excitation energy shifts for aqueous uracil are 

given using QM/MM and the MCSCF, MRCI1, and MRCI2 quantum mechanical levels.  

All methods predict a blue-shift for the first n�* state and a red-shift for the first ��* 

state, as expected based on the dipole moments of these states.  Each state is stabilized in 

the presence of the electrostatic interactions with the solvent.  If the dipole moment of the 

excited state is smaller than that of the ground state the excited state is stabilized less than 

the ground state resulting in an increased excitation energy, and a blue-shift is observed 

in absorption spectra.  If, on the other hand, the excited state has a larger dipole moment 

than the ground state the opposite effect is observed.  In uracil the S0, S1, and S2 states In 

uracil the S0, S1, and S2 states have dipole moments with magnitudes 4.17, 1.68, and 5.53 
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D, respectively (calculated at the MRCI2 level).  The blue-shift for the first n�* state is 

+0.41 eV, and the red-shift for the first ��* state is −0.05 eV at the MRCI2 level.  The 

shift of the S1 state does not change much with the addition of correlation (ranging 

between 0.40 and 0.42 eV), whereas S2 is more sensitive, with the magnitude of the red-

shift decreasing by 0.1 eV with inclusion of correlation (0.05−0.15 eV). 

6.3.2.2 Cytosine  

The excited states of cytosine have also been studied theoretically previously with a 

variety of ab initio methods.11,95,97-100,107,108,122,250,253-255  The S1 state is a ��* excitation, 

whereas S2 and S3 are dark states with excitations from the lone pairs on nitrogen and 

oxygen.  The orbitals involved in the excitations are shown in Figure  6.3, where the S1 

state involves primarily the � (HOMO) and �* (LUMO) orbitals, whereas S2 and S3 

involved the nO, nN, and �* (LUMO).  The excitation energies and even the ordering of 

the states are very sensitive to the method chosen.  High-level CR-EOM-CCSD(T) 

calculations predict the S1 and S2 states to have vertical excitation energies 4.76 and 5.24 

eV.219  The present MRCI2 calculations give 5.14, 5.29, and 5.93 eV for the S1, S2, and 

S3 states, respectively. 

In Table  6.4, the calculated vertical excitation energy shifts for aqueous cytosine 

calculated using our QM/MM approach are shown. As discussed earlier the magnitude of 

the solvatochromic shift for each state depends on the dipole moment of that state, where 

the state that has the largest difference of dipole moment with the ground state will have 

the largest shift. The dipole moments of the S0, S1, S2, and S3 states are calculated to be 

5.90, 4.33, 2.32, and 1.72 D, respectively, as we reported previously.11 Thus, all excited 

states are blue-shifted in aqueous solution, and the magnitude of the shifts increases in  
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Level of theory S1 (n�*) S2 (��*) 
MCSCF/cc-pVDZ +0.40 −0.15 
MRCI1/cc-pVDZ +0.42 −0.11 
MRCI2/cc-pVDZ +0.41 −0.05 
FMO-MCSCF/cc-pVDZ +0.42 

(0.44)a 
−0.16 

(−0.19)a 

FMO-MCSCF/cc-pVTZ +0.47 −0.18 
MCSCF/PCM/cc-pVDZ +0.24 −0.16 
CCSD/SCRF208 +0.21 −0.07 
CCSD/PMM208 +0.34 −0.12 
TDDFT/PMM208 +0.38 −0.18 
TD-PBE0/PMM208 +0.54 −0.10 
TDDFT-PCM213 +0.29 −0.09 
TDDFT-PCM+4H2O213 +0.48 −0.10 
INDO/CIS+200H2O217 +0.50 −0.19 
TDDFT/MC217 +0.80 −0.02 
EOM-CCSDt/MMe218 +0.44 +0.07 

 
Table  6.3. Vertical excitation energy shifts (eV) for uracil in aqueous phase at various levels of 

theory.  aIn parentheses are FMO values using 60 configurations. Otherwise FMO results are 

obtained from 30 configurations.  
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Level of theory S1 (��*) S2 (n�*) S3 (n�*) 
MCSCF/cc-pVDZ +0.20 +0.56 +0.72 
MRCI1/cc-pVDZ +0.17 +0.56 +0.76 
MRCI2/cc-pVDZ +0.25 +0.56 +0.83 
FMO-MCSCF/cc-pVDZ +0.19 (0.19)a +0.63 (0.62)a +0.82 (0.83)a 

FMO-MCSCF/cc-pVTZ +0.18 +0.65 +0.85 
MCSCF/PCM/cc-pVDZ +0.03 +0.23 +0.28 
scaled CIS+3H2O210 +0.10 +0.35 +0.31 
TD-DFT+3H2O210 +0.18 +0.45 +0.43 
EOM-CCSD/MMb,219 +0.25 +0.57   
CR-EOM-
CCSD(T)/MMb,219 

+0.25 +0.54   

CASSCF/CPCM220 +0.2 +0.6 +0.8 
 
Table  6.4. Vertical excitation energy shifts (in eV) of cytosine in aqueous phase at various levels 

of theory.  aIn parentheses are FMO values using 60 configurations. Otherwise FMO results are 

obtained from 30 configurations.   bCytosine in native DNA environment. 
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the order S1 < S2 < S3. The S1 state has the smaller shift, 0.25 eV, whereas the shift is 

much higher for the n�* states S2 and S3, 0.56 and 0.83 eV, respectively, at the MRCI2 

level.  The shift of the S1 state varies by 0.08 eV depending on how much correlation is 

included at the QM level, and the shift of S3 varies by 0.11 eV.  The S2 shift on the other 

hand is insensitive to correlation. 

The QM/MM approach is advantageous since it can produce statistically 

converged results by using a very large number of configurations in the averaging 

scheme used.  The solvent molecules, however, are included in the QM calculation only 

as point charges fitted to reproduce the average potential.  So there are many effects that 

are missing in the treatment and can produce potential errors.  The solvent is not 

polarizable since we did not use polarizable force fields, and quantum interactions 

between the solvent and the solute are not included since we are only treating the solvent 

with point charges.  The point charges can also produce over-polarization of the quantum 

mechanical solute as has discussed in the literature.256,257  Various methods exist which 

can include some of the missing effects.  In order to check how much these missing 

effects change our results we then discuss shifts produced using the FMO method and 

compare them to the QM/MM ones. 

 

6.3.3 FMO-MCSCF Results 

The FMO method has also been used to calculate the solvatochromic shifts in 

uracil and cytosine.  This method is currently implemented at the MCSCF level, so 

comparisons between the QM/MM and FMO methods will only be done at this level 
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using the cc-pVDZ basis set for consistency.  The solvatochromic shifts for each of the 

60 snapshots in uracil and cytosine using the FMO-MCSCF method are shown in Figures 

4 and 5, respectively.  The averages of these shifts are given in Tables 3 and 4. The 

average solvatochromic shift in uracil using FMO-MCSCF was calculated to be +0.44 eV 

for the S1 nO�* state and −0.19 eV for the S2 ��* state. Using QM/MM at the MCSCF 

level, the corresponding shifts are +0.40 and −0.15 eV, differing from FMO by 0.04 eV 

in both cases.  Similarly the solvatochromic shifts of the first three excited singlet states 

in cytosine were computed using the FMO-MCSCF method, using cc-pVDZ.  All three 

excited states showed blue-shifting compared to gas phase.  These shifts were calculated 

to be 0.19, 0.62, and 0.83 eV for the S1, S2, and S3 states, respectively.  The 

corresponding shifts at the QM/MM level using MCSCF are 0.20, 0.56, and 0.72 eV. 

Here QM/MM, when compared to FMO, overestimates the S1 shift by 0.01 eV and 

underestimates the S2 and S3 shifts by 0.06 and 0.11 eV, respectively.  The differences 

between FMO and QM/MM are small again although they are somewhat larger for the S2 

and S3 states, possibly reflecting a better description of hydrogen bonds. 

The FMO method as used here included only the base in layer 2, and thus no 

dimer calculations have been done at the MCSCF level.  Previous work has shown that 

the error of this approximation on excitation energies is about 0.01 eV, and it was shown 

that the static correlation included at the MCSCF level has a local character.  Thus, it was 

decided that it is sufficient to do MCSCF on the monomer only.86  We also performed our 

own tests to check the importance of doing MCSCF calculations for dimers.  We used 

four different isomers of uracil with one water molecule previously reported as the most 

stable minima.258  For each of these structures we compared full MCSCF results for the 
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dimers with results from an FMO procedure similar to the one used here where the 

MCSCF is done only for one monomer, uracil.  The total ground-state energy between 

the two methods differs by 0.001−0.002 hartree.  The excitation energies differ by 

0.001−0.043 eV with an average of 0.02 eV.  These results agree with the previous 

conclusion that omitting a full dimer MCSCF calculation introduces only small errors.  

The FMO values are very close to the values predicted with the QM/MM procedure, but 

there are many factors that are different between the two calculations, and the agreement 

could be partly due to combination of competing effects.  In order to check individual 

effects we chose half of the initial 60 configurations for additional comparisons.  The 

average of these 30 configurations are also reported in Tables 3 and 4.  The average 

change when reducing the number of configurations to half is 0.014 eV. In order to 

compare more directly the classical and quantum effects, the 30 configurations of uracil 

in water were used in a calculation where the waters were included into the calculation as 

point charges (using TIP3P values) and the shifts were calculated at the MCSCF level. 

These calculations gave an average shift of 0.37 eV for the S1 state and −0.14 eV for S2          

compared to 0.42 and −0.16 eV, respectively, at the FMO level.  So classical charges 

underestimate the blue-shift of S1 by 0.05 eV and the red-shift of S2 by 0.02 eV compared 

to the FMO results.  The results for each configuration are shown in Figure  6.4 in 

comparison with the FMO results.  If the deviations of the individual configurations are 

monitored explicitly the maximum underestimates are 0.05 eV for S1 and 0.03 eV for S2.   

Overall we may assume that the estimated error of using point charges and purely 

electrostatic interactions without considering the polarization of the solvent is on the  
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Figure  6.4. Solvatochromic shifts in uracil calculated using the FMO method and using the point 

charges only on water for selected configurations.  Solid colored lines connect FMO-MCSCF 

points: red is S1 shift, green is S2 shift.  Unconnected black symbols are QM/MM points: triangles 

are S1 shifts, squares are S2 shifts. 

 

 
Figure  6.5. Solvatochromic shifts in cytosine calculated using the FMO method for selected 

configurations.  Solid colored lines connect cc-pVDZ points: blue is S1 shift, red is S2 shift, green 

is S3 shift.  Large unconnected symbols are cc-pVTZ points: squares are S1 shifts, triangles are S2 

shifts, and spheres are S3 shifts.
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order of 0.05 eV.  Figure  6.4 also shows how the different individual configurations can 

have a wide range of solvatochromic shifts depending on the arrangement of water 

molecules around the solute and the number of hydrogen bonds in each case.   

The effect of the basis set was also investigated using the FMO method. Within 

the FMO-MCSCF method it is possible to use different basis sets for the atoms in 

different layers, so we only changed the basis set to cc-pVTZ for the solute and used cc-

pVDZ for water, since the cost does not increase dramatically if only the solute uses a 

larger basis set.  Attempts to use basis sets with diffuse functions were unsuccessful for 

technical reasons, so we limit our comparisons to the above two basis sets.  The same 30 

configurations were recalculated using FMO-MCSCF.  In uracil the shifts using the cc-

pVTZ basis set are 0.47 and −0.18 eV compared to 0.42 and −0.16 eV using the cc-

pVDZ basis set.  The increased basis set changes the shift by 0.05 and 0.02 eV for the 

two states.  In cytosine the shifts when using cc-pVTZ were calculated to be 0.18, 0.65, 

and 0.85 eV for the S1, S2, and S3 states, respectively.  These differ from the cc-pVDZ 

results by 0.01, 0.02, 0.03 eV for the S1, S2, and S3 states, respectively.  Thus, the effect 

of the larger basis set is small.  For both  molecules the n�* states are somewhat more 

sensitive to the basis set. 

Since the MOs for the b ase monomer distort from polarization due to the 

surrounding waters, but remain a separate MO set in these FMO-MCSCF calculations, it 

is possible to do a gas-phase complete active space configuration interaction (CAS-CI) 

calculation using these polarized MOs to analyze the shifting effect of orbital polarization 

on the excited states, without the solvent electrostatic interaction present.  For cytosine 

using cc-pVTZ the average shifts, all blue, were 0.01, 0.05, and 0.05 eV for the S1, S2, 
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and S3 states, respectively.  The remainder of the total shifts given above are from 

electrostatics.  However, the standard deviations for these polarization shifts were each 

about 0.05 eV, making generalizations about these shifts difficult, other than the fact that 

they are small compared to the electrostatic interaction, and on average the n�* states are 

blue-shifted more than the ��* state. 

 

6.3.4 PCM Results 

The solvatochromic shifts in uracil (cc-pVDZ) when PCM water was applied to 

the MCSCF calculation were 0.24 eV for the S1 state and −0.16 eV for the S2 state.  Thus, 

although PCM does well in predicting the shift for the ��* state, the shift for the nO�* 

state is underestimated significantly.  In cytosine (cc-pVDZ) the shifts using PCM water 

were 0.03 eV for S1, 0.23 eV for S2, and 0.28 eV for S3, and all three of these shifts are 

quite underestimated compared to QM/MM or FMO-MCSCF.  These results underscore 

the importance of an explicit solvent model in determining aqueous solvatochromic 

shifts, both classically, as in the case of QM/MM, and especially quantum mechanically, 

as in the case of FMO-MCSCF.  Previous work using continuum models also showed the 

same trends of underestimating the solvatochromic shifts for these molecules, as can be 

seen in Tables 3 and 4. 

Solvatochromic shifts predicted with dielectric continuum solvation models are 

often underestimated in aqueous solutions where hydrogen bonds are involved, as has 

been seen before.259,260  Supermolecular calculations where one or more water molecules 

are treated explicitly and then are solvated with the dielectric continuum can improve the 

shifts, and this approach has been used by others for uracil and cytosine.213,216,220  It has 
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also been observed that the PCM shifts are very sensitive to the radii, and specifically, 

changing the scaling factor from f = 1.2 to a smaller value will increase the shifts.260  We 

tested this in our calculations as well and found that decreasing f increases the shifts in 

cytosine and brings them closer to the QM/MM and FMO results.  Changing the scaling 

factor seems arbitrary, however, and PCM is used here solely for comparisons, so we 

only report the standard results. 

 

6.3.5 Comparison with Previous Work 

Solvation effects on uracil and its excited states have been studied theoretically in 

the past using both explicit and implicit models.96,120,208,211,213-218,221  Continuum solvation 

models in general underestimate the shifts. Some results are listed in Table  6.3.  In a 

TDDFT-PCM study the shifts increased substantially when four explicit water molecules 

were added in this calculation, demonstrating the importance of the explicit interactions.  

This is in agreement with the present calculations in which the PCM model predicted a 

shift of 0.24 eV, much lower than the values of QM/MM and FMO methods.  Zazza et 

al.208 used the perturbed matrix method (PMM) in combination with TDDFT and CCSD 

to calculate the solvatochromic shifts.  They obtained a shift for the S1 state ranging 

between (+0.34) and (+0.54) eV and for the S2 between (−0.10) and (−0.18) eV, 

depending on the level of quantum mechanical method for the solute.  Monte Carlo 

simulations have also been used to generate solvation configurations that were 

subsequently used in QM calculations.217  These results using 200 water molecules and 

the semiempirical INDO method suggest solvatochromic shifts of 0.50 and −0.19 eV for 

S1 and S2, respectively.  MD simulations were used in connection with high-level ab 
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initio EOM-CCSDt methods (active space EOMCCSDt approximations include the effect 

of triples in an iterative way) for the solvent to give a +0.44 eV blue-shift for S1 and a 

small blue-shift for the S2 state.  Our results for S1 are within 0.4−0.5 eV, which is the 

range predicted by other high-level methods. Our S2 shifts are −0.05 to −0.2 eV, again 

within the values predicted by other methods. 

Experimental spectra of uracil exist in the gas phase and aqueous solution.  The 

assignment of states, however, is difficult, particularly for the dark state.  Absorption 

spectra of aqueous uracil show a bright band at 4.8 eV, which is the ��* state, and the 

solvatochromic shift is estimated to be ca. 0.2 eV.261-263  The n�* state is much more 

difficult to observe experimentally, although some work suggests that the blue-shift is ca. 

0.5 eV. 

Solvatochromic shifts for cytosine have also been calculated with a variety of 

methods. Shukla and Leszczynski210 studied clusters of cytosine and three water 

molecules with CIS and TDDFT methods to obtain solvatochromic shifts.  More 

sophisticated calculations have appeared recently.  Blancafort and Migani220 used a 

CASSCF approach combined with the conductor version of the polarizable continuous 

(CPCM) model for cytosine plus an explicit water hydrogen-bonded to it to calculate the 

shifts, which were subsequently added to CASPT2 excitation energies.  They obtained 

values of +0.2, +0.6, +0.8 eV for the shifts of S1, S2, and S3 states, respectively.  Valiev 

and Kowalski used a CR-EOM-CCSD(T) and a classical MD approach to calculate the 

solvatochromic shifts of the excited states of cytosine in the native DNA environment.219  

The CR-EOM-CCSD(T)/MM method predicts S1 to be blue-shifted by 0.25 eV, and S2 
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by 0.54 eV.219  Our QM/MM and FMO results are in reasonable agreement with these 

results. 

The experimental results reported in the spectra of cytosine are very discrepant.  

Clark et al.264 reported 4.28 eV for the S0−S1 excitation energy in gas phase and 4.64 eV 

for aqueous phase, which gives a blue-shift of +0.36 eV. More recently Abouaf et al.265 

reported 4.65 ± 0.1 eV for the S0−S1 excitation energy in gas phase, which implies a 

much smaller solvent shift.265 

6.4 Conclusions 

Solvatochromic shifts for the excited states of uracil and cytosine were calculated 

using two methods, a recently developed QM/MM and the FMO-MCSCF method.  Both 

methods used configurations created by the same MD simulations.  Using the same 

solvent structure created by this simulation these methods gave similar results.  The 

MRCI2/MM (FMO-MCSCF) results for the solvatochromic shifts are, in uracil, +0.41 

(+0.44) eV for the S1 excited state (n�*) and −0.05 (−0.19) eV for the S2 state (��*) and, 

in cytosine, +0.25 (+0.19), +0.56 (+0.62), and +0.83 (+0.83) eV for the S1, S2, and S3 

states, respectively.  These results agree well with other previously reported high-level 

calculations.  It can be concluded that our QM/MM approach can reasonably predict the 

solvatochromic shifts in these molecules, and the error of not including explicit quantum 

mechanically described solvent molecules is less than 0.1 eV.  The FMO-MCSCF 

method gives results that agree well with other more correlated methods, showing great 

potential as an alternative method to calculate solvated molecules.  Continuum models, 

on the other hand, are not adequate to describe the interactions and underestimate 

significantly the magnitude of the solvatochromic shifts.  Correlation effects are predicted 
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to be 0.01−0.1 eV, and the effect of increasing the basis set from a cc-pVDZ to a cc-

pVTZ is 0.01−0.07 eV.  Thus, the solvatochromic shifts are shown to be much less 

sensitive to the quantum mechanical level of theory used compared to actual excitation 

energies. 
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Abstract 

The effects of aqueous solvation on the photophysical pathways involving the S1 

excited state in cytosine have been studied with a mean-field QM/MM approach.  Two 

main pathways with small barriers were found previously in isolated cytosine, using 

multireference configuration interaction (MRCI) methods, that facilitate radiationless 

decay to the ground state.  These pathways are examined in solvated cytosine using a 

mean-field QM/MM combined with MRCI, and it is found that barriers in each direction 

increase moderately.  The barriers in the presence of the solvent are 0.23 eV and 0.31 eV 

for the two different pathways compared to 0.15 eV and 0.14 eV in the gas phase, 

indicating that the aqueous environment does not make one of the two directions much 

more preferable. 
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7.1 Introduction 

The interaction of UV radiation with nucleic acids is of great importance since it 

can lead to UV-induced damage in DNA with profound consequences, including 

photocarcinogenesis.1,2,266  The nucleobases are the primary chromophores in DNA and 

RNA, absorbing UV radiation which may initiate photochemical reactions leading to 

photodamage.199,200  For these reasons there has been considerable work on the excited 

states of these chromophores and their photophysical behavior.7,8,267 

A main characteristic of the excited states of the nucleobases is that they are 

short-lived, and their quantum yields for fluorescence are very low,268-270 because of 

efficient radiationless decay to the ground state.  This property may facilitate the 

photostability of the bases, since efficient relaxation to the ground state prevents 

photochemical reactions.  Detailed studies to accurately measure the excited state 

lifetimes and discover the underlying quenching mechanism and excited state dynamics 

have been ongoing during the last decade.  Femtosecond transient absorption 

spectroscopy on nucleosides in aqueous solution measured subpicosecond excited state 

lifetimes initially in 2000.139,271  Several other experiments have measured the lifetimes in 

solvated environments and in the gas phase since then.7,267  Extensive theoretical oo0oi 

phase,8 but only limited studies included solvent effects.  The photophysical behavior of 

uracil interacting with a single molecule of water has been explored.258  Uracil, thymine 

and substituted derivatives have been studied using the polarizable continuum model 

(PCM) including one water explicitly.96,216  Similarly, cytosine has also been studied 

using a PCM model and clusters with one water molecule.220  
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The excited state lifetimes of cytosine and its nucleoside and nucleotide in 

aqueous solution have been measured using transient absorption and fluorescence-up-

conversion experiments, and multiple time constants were found, a fast component, 700 

fs–3 ps, and a slow component 12 ps.139,141,272-274  Femtosecond pump–probe transient 

ionization experiments and time-resolved photoelectron spectroscopy in a supersonic 

expansion of isolated cytosine have shown multiexponential decays with lifetimes of 50 

fs, 820 fs and 3.2 ps,140,160 while other experiments in the gas phase have given lifetimes 

of 160 fs and 1.86 ps161 

Recently we developed a combined quantum mechanics/molecular mechanics 

(QM/MM) methodology that uses multireference configuration interaction (MRCI) to 

describe the quantum mechanical system.222  The MRCI method is very suitable for the 

description of excited states, mixed character (multireference) states, and distorted 

geometries.  In previous work we applied this method to calculate the solvatochromic 

shifts of the excited states in cytosine and uracil.15  Solvatochromic shifts for absorption 

only require studies at vertical excitations, so they can be obtained easier than any 

attempt to look at excited states beyond the Franck–Condon region.  We found that our 

method compares very well with other sophisticated QM/MM approaches.  In this work 

we are extending this method to photophysical and photochemical events beyond the 

Franck–Condon region, where we are applying these methods to the S1 deactivation 

pathways in cytosine.  We will discuss the effects of aqueous solvation on previously 

reported pathways for radiationless decay in isolated cytosine.  A summary of the gas 

phase photophysics of cytosine will be presented first in Section 7.3.1.  The 
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methodological approaches used in this work, along with the computational details, are 

discussed in Section 7.2, and results are presented and discussed in Section 7.3. 

 

7.2 Methodology 

7.2.1 QM/MM Approach 

In this section we review the mean-field QM/MM approach used here. In a typical 

QM/MM approach configurations of the solvent molecules around the solute are 

generated from a molecular dynamics (MD) trajectory, and for each configuration a QM 

calculation is carried out with the Hamiltonian including the interaction between the 

quantum and classical part, HQM/MM.  This approach, however, is often impractical, as it 

generally requires thousands of QM calculations.  Previously we have reported a 

QM/MM implementation using an average approach introduced by Aguilar and 

coworkers,83,85,227 and MRCI methods to describe the QM part, and used it to model 

aqueous solvatochromic effects on the absorption energies of formaldehyde, uracil and 

cytosine.15,222  The MD simulation is run using partial charges on the solute obtained 

from its quantum mechanical density utilizing the CHELPG (= CHarges from 

ELectrostatic Potentials using a Grid based method) method.88  Once the structure of the 

solvent around the solute is obtained from the MD data, the averaged solvent electrostatic 

potential is determined, and then a set of electric charges is produced at some chosen grid 

points by a least-square fitting procedure which gives the best charges that can represent 

the average potential as an effective Coulomb potential.  The new set of charges is 

introduced into the QM Hamiltonian as one-electron terms.  The electronic wave 

functions and energies of the solute in solution are obtained by solving the associated 
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effective Schrödinger equation. This approach requires only one QM calculation, or just a 

few if the charges are converged in the presence of the environment, rather than 

thousands of QM calculations required in a regular QM/MM approach. 

In our previous report on solvent effects on vertical excitation of cytosine and 

uracil partial atomic charges were calculated using the density derived from the Hartree–

Fock (HF) ground state wave function of the solute.  In this report, we have calculated 

partial charges on cytosine using a variety of state-specific densities in order to take into 

account electronic and conformational changes from and after excitation.  In the first 

approach we use the same partial charges as before, HF charges of the equilibrium 

ground state geometry.  This corresponds to a situation where excited state dynamics 

occurs too fast for the water to equilibrate around the excited state.  This seems 

reasonable given the ultrashort excited state lifetimes of cytosine. In the second approach 

we use charges calculated using the MRCI density of the S1 state for each of the gas 

phase S1 MRCI geometries we have reported along the photophysically relevant 

pathways of gas-phase cytosine,11 including stationary points and conical intersections 

(CIs) with the S0 state. Since the wavefunctions mix arbitrarily at the CIs the charges 

were calculated at small displacements from them.  Since we are attempting to simulate 

the solvation of the excited electronic state of cytosine, where the charge distribution of 

cytosine can be significantly different from the ground electronic state, we utilized the 

CHELPG method to calculate partial atomic charges for the various geometries along the 

S1 potential energy surface (PES), so that in the MD simulation the water would interact 

with the excited solute.  This approach corresponds to equilibrium solvation of the 

excited state at each point.  This is probably not realistic in this case since equilibrium 
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solvation will not be achieved in the subpicosecond lifetimes measured for the excited 

states, but by applying these different state-specific partial charges to each S1 geometry, 

and allowing MD to solvate accordingly, a greater understanding of how water directly 

affects photoexcited cytosine in regions away from vertical excitation may be built.  The 

validity of the different sets of partial charges was supported, as they reproduced the 

particular HF or MRCI state dipole moments at each geometry quite accurately. 

We have compared HF or MRCI S0 partial charges, in order to see the effect of 

using different methods to obtain the partial charges, and found that the charges are not 

affected significantly.  The two sets of charges are given in Table 7.1. Radial distribution 

functions using either set of charges are shown in the Supporting Information (Appendix 

E), and they reflect small differences in the solvent structure produced from each MD. 

Furthermore we have calculated the solvatochromic shifts at vertical excitation produced 

by using solvation structure from each MD, and we found that they change by ca. 0.05 

eV. This can be an estimate of the uncertainty in the shifts due to the partial charges. 

 

7.2.2 Quantum Mechanical Calculations 

The excitation energy calculations were carried out at the MRCI level using orbitals from 

a state-averaged multiconfigurational self-consistent field (SA-MCSCF) procedure and 

the cc-pvdz basis set.123  The complete active space (CAS), for both the MCSCF and 

MRCI expansions, consists of 12 electrons in 9 molecular orbitals (MOs), denoted as 

(12,9), and is the same set of MOs which was utilized in our previous solvatochromic 

study and free cytosine study.11,15  An average of four states MCSCF is used to obtain the 

orbitals. MRCI using these MOs is then carried out where single excitations from  
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Atom 
 

�/Å 
 

	/kcal mol−1 
 

q from HF 
 

q from MRCIS 
 

N3 1.8240 0.1700 −0.8708 −0.8096 
N1 1.8240 0.1700 −0.6685 −0.6765 
N7 1.8240 0.1700 −0.7525 −0.9001 
C2 1.9080 0.0860 1.0817 1.0055 
C6 1.9080 0.0860 0.3527 0.3442 
C5 1.9080 0.0860 −0.6979 −0.7968 
C4 1.9080 0.0860 0.9246 0.9747 
O8 1.6612 0.2100 −0.6773 −0.5980 
H1 0.6000 0.0157 0.3533 0.3558 
H6 1.4090 0.0150 0.1039 0.1067 
H5 1.4590 0.0150 0.2129 0.2561 
H7 0.6000 0.0157 0.3335 0.3596 
H8 0.6000 0.0157 0.3045 0.3784 

 

Table 7.1  Force field parameters for cytosine. Partial charges, q, (in a.u.), on each atom 

obtained from a HF and an MRCIS density of the equilibrium ground state are shown.  
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the active space are allowed (denoted MRCIS). CHELPG charges and solvatochromic 

shifts are obtained using MRCIS.  The equilibrium ground state and S1 geometries of gas-

phase cytosine have been previously reported,11 and they were optimized using MRCIS 

and the cc-pvdz basis set. 

The MRCIS expansion used for the shifts is small, but according to previous 

results it should be sufficient since the shifts are not affected by using higher levels of 

correlation.15   The shifts in cytosine were also found to be not very sensitive to increased 

basis sets.15  The excitation energies are more sensitive to correlation however, as was 

seen in our cytosine study,11 so we are using the excitation energies from our previous 

work for the gas phase, and we are adding the shifts to these energies.  The MRCI 

expansion for the excitation energies includes single excitations from all orbitals except 

the core, and single and double excitations from the CAS (denoted MRCISD).11  

The COLUMBUS59,80,229,230 suite of programs was used for all MRCI calculations. 

 

7.2.3 Molecular Dynamics Simulations 

In order to study the solvent effects of cytosine we carried out MD simulations 

using the MOLDY molecular dynamics package.239  A cubic box of side 19.895 Å 

containing 260 rigid water molecules and a rigid solute cytosine at the temperature of 300 

K and constant volume with density of 1.0 g mL−1 was used.  Minimum image periodic 

boundary conditions240 were applied, and the particle mesh Ewald sum241-243 was used for 

charge interactions.  The rigid solute cytosine in each MD simulation had one of the gas 

phase optimized geometries at the MRCIS level of theory.  The solute geometry is kept 

rigid in the MD simulation, since this work focuses on the interactions of solvent with 
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specific geometries along the S1 PES.  Tables 1 and 2 list the relevant parameters: the 6–

12 type Lennard-Jones potential parameters �, 	 are taken from the Amber force field,244 

while the partial charges for each solute atom are obtained from the ab initio fit 

procedure described above, using CHELPG with either the HF/cc-pvdz, S0 or S1 state-

specific MRCIS/cc-pvdz wave function.  Labeling of the atoms can be found in Figure 

7.1. The modified Amber force field is different from the original Amber in replacement 

of the partial charges by the fitted charges.  TIP3P parameters were used for water.275 

The system was initially equilibrated at 300 K for 2 ns, and then configurations were  

collected for another 2 ns without a thermostat.  A time step of 0.5 fs was used 

throughout.  Configurations were collected every 10 steps. 
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Figure 7.1   Labeling of the atoms in cytosine. 

 

7.2.4 Polarizable Continuum Model (PCM) Solvent 

State-averaged MCSCF calculations were carried out for the cytosine ground state and 

excited state energies in water solvent described by a PCM model, as implemented in 

GAMESS.246   The active MOs were the same as described above, and the basis set was 

cc-pvdz. Five states were averaged in the PCM-MCSCF calculations in order to achieve 
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twist ci01 
 

twist-ts 
 

Re(S0) 
 

min1 
 

sofa ts1 
 

sofa-ts2 
 

min2 
 

sofa ci01 
 

N3 −0.7414 −0.6522 −0.8774 −0.7079 −0.4820 −0.2797 −0.3086 −0.3306 
N1 −0.6485 −0.4378 −0.6197 −0.5114 −0.6539 −0.7510 −0.5845 −0.3078 
N7 −0.8847 −0.8310 −0.9049 −0.7553 −0.7060 −0.7565 −0.6889 −0.7276 
C2 0.9777 0.8463 1.0865 0.9447 0.7435 0.8969 0.7391 0.6420 
C6 −0.0704 0.0791 0.2896 −0.0768 0.4211 0.1928 0.2269 −0.1344 
C5 −0.2243 −0.4769 −0.7815 −0.5460 −0.6334 −0.6599 −0.4827 −0.0849 
C4 0.7695 0.5760 0.8100 0.5799 0.3656 0.5503 0.2276 0.1436 
O −0.5438 −0.4359 −0.4625 −0.3344 −0.4640 −0.4821 −0.4634 −0.4432 
H1 0.3477 0.3031 0.3540 0.3573 0.3959 0.3691 0.3553 0.2921 
H6 0.1255 0.1021 0.0863 0.1704 0.0442 0.1169 0.0981 0.1516 
H5 0.1354 0.2215 0.2817 0.2359 0.1896 0.2440 0.2148 0.1011 
H7 0.3774 0.3735 0.3797 0.3366 0.3280 0.3440 0.3554 0.3788 
H8 0.3799 0.3322 0.3582 0.3070 0.3461 0.3204 0.3107 0.3193 
� (S1) 3.56 3.56 4.65 3.09 3.97 4.14 4.00 4.06 

 

Table 7.2   Partial charges (in a.u.) on each atom for cytosine at different geometries of the S1 

PES obtained from MRCIS S1 densities.  Dipole moments (� (S1)) of S1 (in Debye) are also 

shown.  
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convergence.  A standard cavity was used where van der Waals radii were scaled by a 

factor f = 1.2. The adiabatic S1 energy is defined as the difference between S0 of the 

ground state geometry with PCM interactions included and the S1 energy of the excited 

state geometry, also with PCM interactions included. 

 

7.3 Results and Discussion 

7.3.1 Review of Gas Phase Cytosine S1 Pathways 

The excited state photophysics of cytosine has been studied extensively using a 

variety of quantum mechanical methods.11,12,97-100,107,188,276  In fact, cytosine was the first 

nucleobase where conical intersections were found and used to explain the 

experimentally observed ultrashort excited state lifetimes.98   Nevertheless, there has not 

been general agreement about the prevalent mechanisms, since depending on the level of 

theory the different pathways are predicted with differing stabilities.  Three different 

pathways have been found involving conical intersections between S1 and the ground 

state.  Initially an nO�*/S0 CI was reported as being the main deactivation pathway.98  

This result was obtained with MCSCF methods and later studies including correlation 

showed that the energy of the minimum point on that seam is much higher than the other 

pathways, so it is not expected to play as significant role as the others.  Another pathway 

involves a twist of the C5–C6 double bond similar to the CI found in ethylene.  This type 

of CI has been found in all nucleobases and it has been proposed to be a unified 

mechanism.95,187  In this work we term the minimum point on the seam for this CI  “twist 

ci01” and the associated pathway as the twist pathway, keeping the terminology of our 

previous work.  The third pathway involves a CI which has been called an nN�*/S0 or a 
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sofa CI. The molecule is in a sofa conformation where N3 is displaced from the plane, and 

that is why it is given that name.  We will call this CI the “sofa ci01” in this work.  The 

energies and barriers of both twist and sofa CIs are similar and it is not easy to 

distinguish between them based on energetics.  There has been one study where ab initio 

molecular dynamics explored the dynamics on the excited states, and that work predicted 

that all pathways can be accessed in less than 800 fs, and the decay may be a combination 

of all of them, with the largest number of trajectories (65%) going through the sofa CI.276  

Figure 7.2 shows the two main radiationless decay pathways in cytosine 

calculated using MRCISD wavefunctions from our previous work.11  According to the 

MRCI results the CI involving the nO�* state is more than 0.5 eV higher in energy, so it is 

not considered as a main pathway and has not been investigated further.  Upon UV 

absorption to the bright S1 state there is initial relaxation to an S1 minimum, min1.  This 

minimum is connected through transition states to two different seams of conical 

intersections between the S1 state and ground state.  The barriers for the twist and sofa 

pathways had been calculated with MRCISD calculations to be 0.15 and 0.14 eV, 

respectively.  The barriers at the lower level MRCIS with only single excitations, which 

is used here for the shifts, are 0.20 eV and 0.17 eV.  As was mentioned above the barriers 

for both pathways are comparable.  It should be clarified that two transition states were 

found in the sofa direction, but one of them produces the higher barrier which we use 

here as the main barrier. 

The energies shown in Figure 7.2 are obtained using MRCISD while MRCIS was 

used for the optimizations, and this creates a discrepancy: the energy of the sofa-ts2 is 

actually lower than the energy of the min2.  What this shows is that the PES is very flat in  
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Figure 7.2   Energy level diagram of important points on the S0 and S1 potential energy surfaces 

of isolated cytosine.  The S0 min is the equilibrium geometry of the ground state and all other 

geometries are optimized points on the S1 surface (obtained at the MRCIS level).  Black lines are 

energies of S0 and red lines are energies of S1. 
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this region making all points and their relative energies very sensitive to the methods 

used and to any perturbations.  The sofa-ts2 is a minor barrier anyway since the main 

bottleneck is created by sofa-ts1. Furthermore the structure of sofa-ts2 is very similar to 

that of min2.  The flatness of the surface along the sofa region will be important in our 

discussion of how water affects these ponts.  We have used the geometries shown in 

Figure 7.2 to calculate the solvatochromic shifts as will be discussed below. 

 

7.3.2 PCM shifts 

The PCM method is used initially to give an estimate of how the PES changes 

solely based on the electrostatic interactions with bulk solvent. Based on the poor 

performance of PCM for the solvatochromic shifts at vertical excitation seen before15 we 

do not expect it to be very accurate, but it provides a way for us to examine separately the 

various contributions of the solvent. Since an average MCSCF is used the polarizability 

of the solvent is not correctly described.  A more proper description should be based on 

the S1 density and not the average density, but we were unable to converge the MCSCF 

for the S1 state alone. 

The PCM predicted shifts along the two pathways are shown in Table 7.3.  The 

largest blueshift is calculated at the S1 minimum min1 to be 0.18 eV.  This is consistent 

with what one would expect based on the magnitude of the dipole moment at the various 

points along the S1 surface.  All dipole moments along S1 are given in Table 7.2.  Since 

the shifts predicted with PCM are based on bulk electrostatic effects, the difference 

between the dipole moment of the ground state and that of the excited S1 state can give an 

estimate of the relative shifts.  The dipole moment of the ground state is 5.72 D and of S1 
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at min1 it is 3.09 D, the smallest value among the S1 points considered here.  The 

interaction of the solvent with the solute stabilizes the ground state more than it stabilizes 

the excited state because of the higher dipole moment in the ground state.  So the largest 

blueshift is associated with the largest difference between S0 and S1 dipole moments.  The 

small dipole moment on S1 min1 is related to the electronic distribution of the state.  This 

state, although it is a ��* state, is near the S2 nO�* state and there is mixing between the 

two.  The elongated carbonyl bond at that geometry is additional indication of that 

mixing. 

 

  
 

QM/MM 
 

PCM 
 

twist ci01 0.34 −0.02 
twist-ts 0.35 0.14 
S0-min 0.17 −0.01 
min1 0.27 0.18 
sofa-ts1 0.17 0.08 
sofa-ts2 0.14 0.11 
min2 0.35 0.04 
sofa ci01 0.32 −0.08 

 
Table 7.3   Shifts (in eV) of the S1 energies at important geometries of the S1 PES due to aqueous 

environment. Results from QM/MM and PCM are shown.  

 

A blueshift of the S1 min1 could mean smaller barriers to reach the conical 

intersections.  However, there are blueshifts at the transition states as well. The blueshift 

at the twist-ts is 0.14 eV and at the sofa-ts1 is 0.08 eV.  The barriers along the two 

pathways when including the shifts are 0.11 eV and 0.04 eV for the twist and sofa 

directions, respectively. Overall the barriers decrease by −0.04 eV and −0.10 eV for the 
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twist and sofa directions respectively, when cytosine is solvated using the PCM method.  

The dipole moment is higher for the sofa region and that would produce a smaller blue 

shift as seen in our calculations.  The sofa region is often discussed in the literature as an 

n�* state since excitation occurs from an orbital mainly localized on nitrogen.  This can 

lead to the false conclusion that a larger blueshift should be expected, since often n
* 

states have much larger blueshifts and small dipole moments, making this pathway 

inaccessible in solution.  Clearly this is not the case here since the dipole moment is not 

as small.  One has to keep in mind that this geometry is not planar any more and the 

dipole moment and distribution of electron density upon excitation is not the same as it 

would be in a planar molecule. 

The changes in the barriers predicted with PCM are small. Since the structures are 

not reoptimized in solution these numbers may change upon optimization of the 

stationary points in the presence of the solvent.  Blancafort and Migani have minimized 

the structures and they found the barriers to decrease by 0.05 eV for the twist direction 

and by 0.19 eV for the sofa direction.220  Thus the stabilization along the twist direction is 

almost the same as ours, but that of the sofa direction is somewhat higher, most likely 

because of their structures being reoptimized.  This seems to be more important in the 

sofa region because of the flatness of the surface mentioned above. 

 

7.3.3 QM/MM using S0 charges 

The QM/MM approach has the advantage over the PCM model that it contains 

some information about the structure of water around the solute and the possible 

hydrogen bonds (H-bonds) between solute and solvent.  In our previous work on 
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solvatochromic shifts we found that the shifts are predicted very well with this method, in 

agreement with more sophisticated methods, and much better than the shifts produced 

from the PCM model. 

The MRCIS energies and shifts were first calculated using the solvent structures 

obtained from the MD simulations at the various points along the S1 surface with the S0 

equilibrium charges used always.  This extreme case corresponds to a case where excited 

state dynamics occur too fast for the water to be able to rearrange and equilibrate with the 

excited state. The radial distribution functions, shown in Supporting Information 

(Appendix E), look very similar for all geometries since changing the geometries has a 

small effect on how the water interacts with the solute.  The strongest H-bond is between 

the O on carbonyl and hydrogen on water (HW), while a H-bond between N3 and 

hydrogen of water is also quite strong. The H1, H7 and H8 atoms also form H-bonds with 

O in water (OW). 

Table 7.3 shows the shifts at each geometry considered. All the points are 

blueshifted and the shifts are in general larger than the ones predicted with PCM. The S1 

min1 is now blueshifted by 0.27 eV compared to 0.18 eV at the PCM level.  The H-bond 

on the carbonyl causes extra destabilization.  As mentioned earlier the wavefunction at 

this geometry contains mixing of excitation from the oxygen lone pair.  When the oxygen 

is involved in the H-bond the excitation is destabilized.  This is seen in other 

chromophores.258 

The sofa region is destabilized much more than PCM predicted, although the 

destabilization is occurring gradually as we move along the PES from min1 to sofa ci01.  

Towards the conical intersection the excitation is entirely localized on N3, and the 
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hydrogen bond between N3 and water destabilizes the excited state.  This causes 

blueshifts by about 0.3 eV.  At the sofa-ts1 however the localization of excitation is not 

as strong yet, so the destabilization is smaller, 0.17 eV. 

The twist-ts is also blueshifted by 0.35 eV. It is not clear how to explain this large 

shift using simple arguments.  It has been claimed before that the twist CI has 

zwitterionic character and that this will produce stabilization in water.17  When looking at 

the S1 partial charges on C5 and C6 however (Table 7.2) we do not see any evidence of 

this.  The partial charges are −0.22 and −0.07 on C5 and C6 respectively and not much 

separation of charges is seen.  Consequently we also do not find stabilization in water. 

Figure 7.3 shows the S0 and S1 energies in aqueous environment as predicted based on 

our QM/MM approach.  The solvated ground state energy is taken as the reference 

energy. The barrier in the twist direction becomes 0.23 eV compared to 0.15 eV for free 

cytosine. The sofa direction is more complicated since there are more than one barriers 

and the surface is flat, so we look at the highest barrier which is 0.31 eV.  This barrier 

now is between the lowest point in the sofa region and the highest point.  This is an 

estimate, of course, and because of the flatness of the region only a reoptimization of all 

points would give an accurate answer. The barrier for free cytosine in that direction is 

0.14 eV, so there is overall some destabilization. 

The results of the barriers including the solvent effects indicate that both 

pathways are somewhat destabilized, but in the aqueous environment there is no 

dominant pathway because of preferential destabilization of one direction much more 

than the other.  Even though the exact barriers may not be as accurate in our approach 

this general statement will likely hold even in more accurate approaches. 
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Figure 7.3   Energy level diagram of important points on the S0 and S1 potential energy surfaces 

of solvated cytosine. The S0 min is the equilibrium geometry of the ground state and all other 

geometries are optimized points on the S1 surface (obtained at the MRCIS level for isolated 

cytosine). Black lines are energies of gas phase S0, light blue lines are energies of solvated S0, red 

lines are energies of gas phase S1, dark blue lines are energies of solvated S1. 
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At the geometries where conical intersections were located in the gas phase the 

two states are now split due to the interactions with water.  The splitting is 0.3 eV at twist 

ci01 and 0.6 eV at sofa ci01.  This indicates that these are not true degeneracies any more 

but further optimization will probably locate the CIs in the presence of the solvent.  The 

effects of the solvent on the location and topography of conical intersections have been 

studied before with QM/MM methods, and in some cases important effects are 

observed.277,278  The splitting depends on how each state is shifted by the solvent, and 

also on how steep the surface is in that region.  The sofa region is very steep around the 

conical intersection so any perturbation in the energy can lift the degeneracy easily, and 

that is why we see a larger splitting of 0.6 eV.  Actual degeneracy will fluctuate with 

solvent configuration, although nonadiabatic transitions are expected to be important in a 

large configurational volume.  As we had calculated before, because of the proximity of 

the states, the derivative coupling is very large along the sofa region.11 

Previous studies that included one water molecule H-bonded to cytosine have also 

examined how the barriers change.220   These studies showed that the twist pathway is 

stabilized while the sofa pathway is destabilized somewhat more than what our results 

show.  The main disagreement with our results is that we predict destabilization of the 

twist direction while they predict stabilization.  Hydration with one water, however, is not 

expected to be able to model actual solvation in aqueous solution.  It mainly shows how a 

specific hydrogen bond affects the PESs.  Our results are more appropriate to model how 

aqueous solvation affects the system. 
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7.3.4 Solvent in equilibrium with S1 charge distributions 

7.3.4.1 Solvent structure in equilibrium with S1 charge distributions  

The excited S1 state density is different from that of the ground state, and it also 

varies along the PES.  Solvation using the excited state charge density then will be 

different than that predicted with ground state partial charges.  This corresponds to an 

ideal equilibrium solvation of the excited state.  This is not realistic during the fast 

dynamics occurring in cytosine, but it is an extreme ideal situation that may give us 

important information.  The realistic situation is probably somewhere between the two 

extremes we have accounted for in this work.  

The RDFs obtained from the MD simulations at all the geometries are given in 

Supporting Information (Appendix E), along with tables giving the main maxima and 

minima.  The strength of the H-bonds is reduced in the excited state.  The carbonyl–water 

hydrogen bond is weakened at all geometries of the S1 surface studied here, and it goes 

away at the S1 min1.  This is explained if one considers the wavefunction at that point.  It 

has some excitation from the carbonyl and so there will be reduced density there to form 

a H-bond. 

The N3–water H-bond is present in all structures along the twist direction and at 

the min1.  In the sofa region, however, it almost goes away.  There is a small shoulder in 

the RDFs, but mainly there is not much structure for small distances.  The reason for this 

is similar to the above reasoning for the reduction of the carbonyl H-bond.  In the sofa 

region the excitation is primarily from N3, so there is reduced electron density on this 

atom to form hydrogen bonds. 
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7.3.4.2 QM/MM using S1 charges  

The general effect of the S1 charges on solvent structure around cytosine is that 

the hydrogen bonds are weakened.  A weak carbonyl-water H-bond on S1 min1 will lead 

to reduction in the blueshift calculated when ground charge distributions are used.  

Similarly, in the sofa region a weak H-bond will reduce the blueshift in that region.  

Since the effects are expected to be smaller in all of these points the overall effect on the 

barriers may be cancelled.  This is indeed the case. The barriers in the two directions 

considered here become 0.29 eV and 0.27 eV for the twist and sofa directions, compared 

to 0.23 eV and 0.31 eV obtained from the ground state solvent distributions.  So there are 

small changes within the errors estimated by our approach, and we do not see significant 

changes even if water were at equlibrium with excited state PES in cytosine.  The two 

barriers along the competitive directions are found again comparable to each other. 

 

7.4 Conclusions 

The effects of aqueous solvation on the photophysical pathways in cytosine have 

been studied with a mean-field QM/MM approach.  Two main pathways on the S1 surface 

leading to radiationless deactivation to the ground state were examined, and we found 

that barriers in each direction increased moderately.  The aqueous environment does not 

preferentially destabilize one of the two directions, and thus both pathways are expected 

to remain accessible in aqueous solution. 

The QM/MM approach has the ability to include bulk electrostatic interactions 

but also some information about the specific structure of water around the solute and 

hydrogen bonding.  The results from this method are superior to the PCM results which 
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we also include in this report for comparisons.  Specifically whenever there are H-bonds 

affecting the excitation energies the QM/MM approach deviates the most from the PCM 

and has the ability to account for these interactions. 

There are however several limitations in this approach, and the results presented 

are aiming at a qualitative picture of the effect of water, rather than quantitative.  These 

limitations include:  (i) The structures were not optimized in solution, but rather 

geometries optimized in the gas phase were used, since we have not implemented 

gradients for our QM/MM approach.  It is not expected that large changes will occur in 

the structure of cytosine when solvated but even small changes can have an impact when 

calculating small changes in barriers and especially lifetimes.  (ii) When discussing 

reactions in solution it is appropriate to discuss them in terms of free energies rather than 

PESs.  Free energies were not calculated here.  Previous work has shown that the effect 

predicted from the free energy calculation is very similar to adding the simple QM/MM 

interactions as was done here, although this may not be a generalization.279  (iii) The 

electronic density of the solvent should be polarized based on the charge distribution of 

the S1 state.  This polarization is not included in our QM/MM since everything is based 

on fixed partial charges on waters.  MD simulations including polarization of the water 

are much more complicated and time-consuming than the MD simulations performed 

here.  (iv) Since motion of solute and solvent is not treated together we have to separate 

the different motions based on timescales, and make assumptions based on these 

timescales.  In order to have an idea of how much this separation can affect our results we 

tried to take into account two extreme cases and found that the results are not 

significantly different. 
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Despite the above limitations this study offers an advanced account of solvent 

effects compared to PCM models or complexes involving only one water molecule, 

which were previously used for the nucleobases.  Although some of the above limitations 

may be able to be treated in future studies it will be extremely difficult to account for all 

of them in a proper way in a complex system like this in the near future. 
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 CHAPTER 8 

SUMMARY 

 

 The photophysical properties of DNA and RNA bases have been 

investigated theoretically using multi-reference ab initio quantum 

mechanical methods.  Cytosine and its fluorescent analogs, particularly 

5M2P, are especially emphasized in this thesis.  MRCI calculations on 

cytosine reveal two radiationless decay channels by which excited cytosine 

can nonadiabatically transition to the ground state through two GS/ππ* ci 

energetically accessible along gradient-driven pathways from a vibrationally 

hot FC region.  One decay channel involves ring distortion where N3 comes 

out of plane in a sofa conformation.  The other channel involves a dihedral 

twist around the C5-C6 bond.  Several additional ci between the excited 

states were located and characterized, some of which may influence the 

photophysics by funneling dark excited state population onto the ππ* 

surface.   

The fluorescence mechanism of 5M2P was also theoretically 

demonstrated.  5M2P was shown to have a very similar PES landscape as 
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cytosine, with almost identical ring distortions at excited state stationary 

points and ci, with only subtle energetic differences appearing to dictate its 

very different photophysical properties.  The largest energetic difference 

between the two bases was shown to be at vertical excitation, with cytosine 

having about 0.8 eV more vibrational energy than 5M2P upon absorption.  

This difference was analyzed in terms of molecular structure. 

The 2P ring system was studied with many electron-donating, 

electron-withdrawing and conjugation-extending substituents placed at C4 or 

C5 positions, in terms of their effects on vertical excitation.  Although few of 

these 2P derivatives have been synthesized and spectroscopically studied, 

the experimental data available follows the general trends which were 

calculated.  C4 substituents display strong linear correlation of excitation 

energies with the Hammett kinetic parameter σp
+, with MRCI and 

experimental data following essentially parallel linear trends.  This 

underscored the ability of MRCI to predict spectroscopic trends of 

pyrimidine analogs which may be of interest to researchers involved with 

fluorescent DNA probes or artificial DNA studies.  A Frontier Molecular 

Orbital model was used to qualitatively explain the various substituent 

effects.  The study showed that the presence, position and orientation of the 
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C4-amino group is central to cytosine’s photostability, in addition to its role 

in base-pairing with guanine in DNA and RNA. 

Three different three-state ci were located and characterized for both 

cytosine and 5M2P, also with strong similarities of these ci between the two 

bases in terms of ring distortion and character, implying there is an 

underlying PES “language” of 2-pyrimidinone ring systems.  These three-

state ci were connected with each other, with other two-state ci, and with the 

ground state by seam and PES gradient-driven pathways for both these 

bases, providing the most comprehensive picture of  their excited and 

ground PESs to date.  Nonadiabatic coupling was also analyzed, especially 

around several points along a GS/ππ* seam theoretically shown to be 

important photophysically in cytosine’s radiationless decay.  Geometric 

phase effects on this coupling were demonstrated on loops around this seam 

at points both close to and far removed from a three-state ci, with results 

shown to follow established rules for loops involving both single and 

multiple seams.  In addition, a striking picture of three intersecting PESs 

close to a three-state ci in cytosine is presented. 

The effect of an aqueous environment on the absorption energies of 

cytosine and uracil was theoretically investigated with two multi-reference 

ab initio methods that include many waters solvating the bases:  MRCI-
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QM/MM, which treats the solvent with a mean-field approach, and FMO-

MCSCF, which treats the solvent quantum mechanically.  The resulting 

calculated solvatochromic shifts of the aqueous bases with the two methods 

agreed quantitatively well with each other for each base, and also with other 

more expensive methods, as well as available experimental data.  A 

polarizable continuum solvent model, PCM, however, was shown to give 

qualitatively correct signs of solvatochromic shifts, but did not predict the 

magnitudes well.  This was attributed to the lack of molecular detail of this 

solvent model, especially the description of explicit hydrogen bonding, 

which was shown to be important for predicting shifts accurately for these 

bases.  

Finally, the influence of water on the photophysical pathways of 

cytosine was investigated with MRCI-QM/MM.  Because cytosine displays 

excited state decay which is likely much faster than solvent reorganization to 

the excited state, the study considered two possible solvent reorganization 

scenarios.  In one the water fully equilibrated with the solute excited state 

electron distribution along the pathways, and in the other the solvent had 

little to no reorganization, with the reality of the actual system probably 

somewhere in between the two.  The effects of both scenarios, however, 

were quite similar, with both showing very modest increases in barriers to 
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the two ci, but with neither channel being more favored with the influence of 

water solvent in either reorganization scenario.   
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APPENDIX A 
 

SUPPORTING INFORMATION FOR CHAPTER 2:   

THE FLUORESCENCE MECHANISM OF 5-METHYL-2-

PYRIMIDINONE:  AN AB INITIO STUDY OF A FLUORESCENT 

PYRIMIDINE ANALOG   

 

SI-2.1  Using Static State Dipole Data to Support State Character Descriptions 

5M2P remains fixed in orientation for all calculations in this study, with the ring 

oriented approximately in the x-y plane, as shown in Figure 2.1.  The positive y direction 

is pointing along the carbonyl bond towards O8, and the negative x direction is pointing 

towards the side of the ring containing N3.  For the nπ* states, electrons are excited from 

active non-bond orbitals on one of these two atoms, and therefore the atom loses electron 

density.  Thus, analysis of the x- and y-components of the static state dipole moments can 

give information as to the character of a particular state.  We let µx, µy and µz be defined 

as the x-, y- and z-components of the static dipole moment for a state, and we define 

positive direction for the dipole vector as pointing towards the positively charged end of 

the dipole (While this is opposite to the convention generally used by chemists, it is the 

way COLUMBUS defines the dipole direction).  When neither N3 nor O8 lose their non-

bond electrons to excitation, such as the closed-shell ground state or a ππ* state, then µx 

will be positive and µy will be negative.  A state with nOπ* character as dominant will 

have electron density taken from O8 and put into the plane of the ring.  Thus, µy will 

approach zero, and µx will remain positive.  Similarly, a state with nNπ* character as 
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dominant will have electron density taken from N3, and µx will be closer to zero, while µy 

will remain negative.  A state with ππ* character will have no loss of n electrons from N3 

or O8, and –µy ≈ µx.  Adding µx and µy values for each state of each geometry then 

becomes a convenient monitor for describing excited states, where now µx+y � µx + µy 

increases in positive value with the amount of nOπ* contributing, µx+y becomes more 

negative with the amount of nNπ* contributing, and ππ* character tends to bring µx+y 

closer to zero.  µz values tend to be smaller in magnitude than µx or µy unless the 

molecule is very distorted from planarity, but even in this case the relative relationship 

between µx and µy is reasonably conserved, and µx+y is still a good qualitative state 

character monitor.  Figure SI-1 shows a plot of µx+y for three to four excited states of 

several geometries of 5M2P.   Geometries listed to the left of the zero-mark on the x-axis 

are the optimized geometries Re(S0), Rx(ci12)’, Rx(ci12), and Re(S1)saddle.  From the zero-

mark to the right is an MRCI1 linear interpolation from Re(S1)min to Rx(ci01) as a 

function of the LI coordinate d, as defined in Section 3.4.2.  Integer values of d 

correspond in this set of calculations to the following reference geometries:  d = 0, 

Re(S1)min; d = 1, Re(S1)’saddle; d = 2, Re(S1)”saddle; d = 3, Rx(ci01).   From this plot of µx+y, 

and correspondence of particular values to state character outlined above, the dominant 

descriptions for several geometries on the S1 surface can be easily seen, as well as the 

regions of avoided crossings.  At Re(S0) vertically excited S1 state is nNπ*, and µx+y is 

negative.  S3 is nOπ*, and µx+y is quite positive, whereas S2, a ππ* state, is between the S1 

and S3 values.  For Rx(ci12)’, which is on the nNπ*/ππ* seam, µx+y values for the states 

remain about the same as for vertical.  Thus, we would assign S1 nNπ* character, S2 ππ* 

character, and S3 nOπ* character.  These assignments correspond to those based on the 
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CAS MOs and the CI wave function CSF coefficients for each state.  In the region of 

Re(S1)min, µx+y is positive for S1 and S2, but not as positive as S3 in Re(S0), which is pure 

nOπ*.  Therefore, we would assign S1 and S2 for Re(S1)min to be both ππ* and nOπ* mixed 

in comparable amounts.  µx+y for S3 is quite negative in value in this region, and is 

therefore assigned nNπ* character.  These assignments are in accordance with analysis of 

the CAS MOs and the CI wave function CSF coefficients.   

As geometries in the direction of Rx(ci01) are considered, however, distortions 

out of the x-y plane make analysis of the CAS and the CI wave function more 

challenging, as mixing of non-bond character and π character can increase substantially 

at the MO level.  Beyond the saddle point Re(S1)’saddle (d = 1 in the linear interpolation 

coordinate) it is clear that the state characters switch.  In this region, N3 is the ring atom 

most out of plane, with the other five ring atoms becoming closer to coplanar.   In Figure 

SI-1, d = 2 is at the geometry Re(S1)”saddle, and Re(S1)’min is approximately at d = 1.9.  

Here µx+y is about -1 for S1, about 0 for S2, and >1 for S3.  Therefore, S1 could well be 

assigned nNπ* character in this region.  Analysis of the CAS MOs and the CI wave 

function CSF coefficients point to S1 being ππ* with nNπ* mixed in.  However, due to 

the N3 out-of-plane distortion described above, it can be inferred that the large negative 

value for µx+y is also, but to a lesser extent, from the N3 pz orbital beginning decouple 

from the π-system and mimic non-bonding character itself.   At d = 3, Rx(ci01), the 

distortion of N3 causes the pz orbital to decouple from the π-system, and it is now 

mimicking a nitrogen non-bond orbital in orientation, as described earlier in Section 

3.3.3.  We have labeled the S1 state for this ci01 as ππ*, since the primary excitation is 

from the N3 pz orbital, which was part of the π-system when the molecule was more 
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planar, but we could have possibly also labeled it as nNπ*, since this orbital is showing 

little, if any, bonding character to the rest of the system, and so it is, by definition, non-

bonding.  Of course, once the molecule is significantly distorted from Cs symmetry, 

traditional single labels for state surfaces, such as ππ* or nπ*, are often not rigorously 

applicable.  Rather they are character types that mix in order to provide the distorted 

arrangement of nuclei with the most accurate molecular electronic wave function 

available at that level of theory.   The dipole moment is a physical observable and a 

reflection of the electron distribution created by the wave function, regardless of whether 

that wave function is of mixed character or not.  Therefore, in some respects, the dipole 

moment is more absolute than traditional labels in cases such as this, and it certainly 

provides additional insight into the actual electronic changes occurring as a molecule 

evolves along a photophysical pathway. 
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Figure SI-2.1  Plot of �x+y = �x + �y values for S1 to S4 states of geometries of 5M2P.  To the right 

of the zero-mark are �x+y values for several linearly interpolated geometries from Re(S1)min (d = 0) 

to Rx(ci01) (d = 3).  Shown are S1 to S4 values.  d = 1 corresponds to Re(S1)’saddle  and d = 2 

corresponds to Re(S1)”saddle.  All values were calculated at the MRCI1 level.  d is the LI coordinate 

defined in Section 3.4.2.  
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Table SI-2.1.  Oscillator strengths and static dipole moments for the S0 to S3 states of several 

geometries.  All dipole data are in Debye.  All data were calculated at the MRCI1 level. 

  S0 S1 S2 S3 

Re(S0) osc. str.  0.003 0.092 0.001 
 �, D 5.77 3.12 6.04 3.28 

Re(S1)saddle osc. str.  0.046 0.001 0.003 
 �, D 6.61 4.28 4.32 4.30 

Re(S1)min osc. str.  0.015 0.030 0.005 
 �, D 7.09 4.01 4.05 4.74 

Re(S1)’saddle osc. str.  0.029 0.014 0.026 
 �, D 6.58 4.46 3.37 3.60 

Re(S1)’min osc. str.  0.007 0.066 0.004 
 �, D 5.99 4.00 5.42 3.32 

Re(S1)”saddle osc. str.  0.005 0.064 0.005 
 �, D 5.90 3.99 5.56 3.41 

Rx(ci01) osc. str.  0.000 0.000 0.016 
 �, D 5.01 5.02 4.06 5.77 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER 3:   

THE RADIATIONLESS DECAY MECHANISM OF CYTOSINE:  AN 

AB INITIO STUDY WITH COMPARISONS TO THE  

FLUORESCENT ANALOG 5-METHYL-2-PYRIMIDINONE 
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 Re(S0) 
MRCI1 

Re(S1)min 
MRCIσπ1 

Re(S1)sp1,sofa
 

MRCI1 
Re(S1)sp2,sofa

 

MRCI1 
Re(S1)’min 
MRCI1 

Re(S1)sp,twist 
MRCI1 

Rx(ci12)’ 
 MRCI1 

Rx(ci23) 
 MRCI1 

N3-C2 1.383 1.295 1.336 1.389 1.406 1.321 1.345 1.338 

N1-C2 1.403 1.373 1.397 1.397 1.382 1.491 1.390 1.374 

N1-C6 1.354 1.398 1.383 1.396 1.390 1.357 1.388 1.464 

C5-C6 1.356 1.418 1.424 1.378 1.352 1.476 1.423 1.316 

C4-N3 1.298 1.399 1.405 1.403 1.423 1.372 1.397 1.350 

C4-N7 1.380 1.402 1.395 1.404 1.413 1.401 1.394 1.421 

C4-C5 1.443 1.383 1.370 1.418 1.475 1.377 1.367 1.447 

C2-O8 1.195 1.296 1.221 1.192 1.194 1.218 1.215 1.273 

N1-H1 0.999 1.001 1.002 1.000 0.998 1.004 0.998 0.987 

C6-H6 1.080 1.077 1.078 1.080 1.080 1.084 1.075 1.077 

C5-H5 1.078 1.083 1.082 1.082 1.080 1.081 1.080 1.080 

N7-H7 1.001 1.004 1.004 1.006 1.005 1.002 1.003 1.002 

N7-H8 1.000 1.003 1.002 1.003 1.004 1.002 1.001 1.003 

         

C4-N3-C2 120.1 115.9 121.1 120.4 114.3 118.6 126.4 128.3 

C6-N1-C2 123.6 118.7 120.3 120.7 121.7 113.9 123.2 120.9 

H1-N1-C2 115.6 118.0 116.7 115.5 116.9 110.1 115.4 119.1 

H1-N1-C6 120.8 122.0 120.2 118.4 120.6 116.9 121.4 120.0 

H7-N7-C4 113.1 110.6 111.9 111.3 111.8 110.7 112.9 116.2 

H8-N7-C4 115.5 112.8 112.3 112.0 111.7 112.9 113.6 114.2 

H7-N7-H8 113.0 109.6 109.5 108.4 108.6 109.9 110.3 111.4 

N1-C2-N3 116.4 125.3 115.4 107.0 111.0 119.0 114.7 114.9 

O8-C2-N3 123.8 121.4 124.7 128.1 124.4 128.4 125.2 126.1 

O8-C2-N1 119.8 113.3 119.5 124.1 124.2 112.6 120.1 119.0 

C5-C6-N1 119.7 115.5 119.9 122.4 121.2 111.9 118.6 120.4 

H6-C6-N1 116.8 118.2 116.3 115.0 115.5 121.0 117.2 113.9 

H6-C6-C5 123.6 126.3 122.8 122.5 123.3 124.4 124.1 125.7 

C4-C5-C6 116.1 119.4 116.4 116.4 116.1 116.9 119.4 119.0 

H5-C5-C6 121.9 119.4 120.1 120.5 121.3 121.0 119.7 121.5 

H5-C5-C4 122.0 121.2 123.0 122.8 122.5 121.1 120.9 119.5 

N7-C4-N3 117.9 114.0 115.1 117.5 114.5 115.0 114.9 118.5 

C5-C4-N3 124.1 121.2 116.5 110.3 109.0 122.1 117.6 116.5 

C5-C4-N7 118.0 124.7 128.4 126.4 118.5 122.7 127.4 124.8 

 
Table SI-3.1  Complete table of bond lengths and angles for stationary points and conical 

intersections.  Bond lengths are in Å, angles are in degrees.
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Rx(ci01) 

 MRCIσπ1 
Rx(ci12) 
 MRCI1 

Rx(ci01)’ 
MRCIσπ1 

Rx(ci01)” 
MRCI1 

Rx(ci23) 
 MRCI1 

N3-C2 1.403 1.278 1.380 1.241 1.338 

N1-C2 1.371 1.358 1.443 1.347 1.374 

N1-C6 1.394 1.403 1.357 1.429 1.464 

C5-C6 1.359 1.424 1.464 1.486 1.316 

C4-N3 1.462 1.401 1.314 1.453 1.350 

C4-N7 1.417 1.397 1.367 1.401 1.421 

C4-C5 1.482 1.369 1.453 1.338 1.447 

C2-O8 1.207 1.326 1.206 1.389 1.273 

N1-H1 1.001 0.999 1.007 1.003 0.987 

C6-H6 1.082 1.079 1.084 1.081 1.077 

C5-H5 1.082 1.081 1.092 1.082 1.080 

N7-H7 1.006 1.003 1.001 1.004 1.002 

N7-H8 1.004 1.001 0.999 1.003 1.003 

      

C4-N3-C2 111.9 115.5 119.2 111.9 128.3 

C6-N1-C2 120.2 119.1 115.5 114.1 120.9 

H1-N1-C2 117.7 118.0 111.9 118.4 119.1 

H1-N1-C6 121.3 120.3 121.1 122.5 120.0 

H7-N7-C4 111.7 111.7 115.3 110.8 116.2 

H8-N7-C4 111.2 113.6 116.2 112.2 114.2 

H7-N7-H8 108.3 110.7 115.3 109.3 111.4 

N1-C2-N3 112.6 127.2 119.2 131.0 114.9 

O8-C2-N3 121.6 119.6 124.0 122.8 126.1 

O8-C2-N1 125.7 113.2 116.8 105.9 119.0 

C5-C6-N1 120.8 115.0 110.5 111.8 120.4 

H6-C6-N1 115.6 115.9 120.6 113.1 113.9 

H6-C6-C5 123.6 123.7 127.5 119.0 125.7 

C4-C5-C6 117.6 120.0 112.2 118.1 119.0 

H5-C5-C6 120.7 119.0 114.7 120.2 121.5 

H5-C5-C4 121.6 120.9 109.9 121.4 119.5 

N7-C4-N3 113.2 113.1 118.6 111.0 118.5 

C5-C4-N3 106.6 122.2 120.7 120.7 116.5 

C5-C4-N7 117.3 124.4 120.1 127.9 124.8 
 
Table SI-3.1 continued  Complete table of bond lengths and angles for stationary points and 

conical intersections.  Bond lengths are in Å, angles are in degrees.
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Figure SI-3.1  Comparisons of bond lengths and bond angles for imprortant geometries of 

cytosine and 5M2P.  For all plots black squares correspond to 5M2P and black triangles to 

cytosine.  For each geometry, the bond length plot is shown on the left and the bond angle plot is 

on the right. All bond lengths are in units of Å, and all bond angles are in degrees.  A = N7 for 

cytosine and H for 5M2P; B = H for cytosine and C7 for 5M2P.   
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Figure SI-3.1 continued   Comparisons of bond lengths and bond angles for important 

geometries of cytosine and 5M2P.  For all plots black squares correspond to 5M2P and black 

triangles to cytosine.  For each geometry, the bond length plot is shown on the left and the bond 

angle plot is on the right. All bond lengths are in units of Å, and all bond angles are in degrees.  A 

= N7 for cytosine and H for 5M2P; B = H for cytosine and C7 for 5M2P.
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Figure SI-3.1 continued   Comparisons of bond lengths and bond angles for important 

geometries of cytosine and 5M2P.  For all plots black squares correspond to 5M2P and black 

triangles to cytosine.  For each geometry, the bond length plot is shown on the left and the bond 

angle plot is on the right. All bond lengths are in units of Å, and all bond angles are in degrees.  A 

= N7 for cytosine and H for 5M2P; B = H for cytosine and C7 for 5M2P.
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Figure SI-3.1 continued   Comparisons of bond lengths and bond angles for important 

geometries of cytosine and 5M2P.  For all plots black squares correspond to 5M2P and black 

triangles to cytosine.  For each geometry, the bond length plot is shown on the left and the bond 

angle plot is on the right. All bond lengths are in units of Å, and all bond angles are in degrees.  A 

= N7 for cytosine and H for 5M2P; B = H for cytosine and C7 for 5M2P. 
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APPENDIX C 
 

SUPPORTING INFORMATION FOR CHAPTER 4:   

CYTOSINE IN CONTEXT:  A THEORETICAL STUDY OF 

SUBSTITUENT EFFECTS ON THE EXCITATION ENERGIES OF 2-

PYRIMIDINONE DERIVATIVES 

 
 
Atomic coordinates in Bohr for all derivatives discussed.  The derivative number or 

name, as defined in the text of Chapter 4, is given in the upper left of each block of 

coordinates.  For derivatives with CS symmetry where all z-coordinates are zero, only x- 

and y-coordinates are given.  

 

 
Derivative 1 x y  Derivative 2 x y z 

 N 0.003662 -0.015611  N -0.018780 -0.008039 -0.023480 

N -0.011752 4.478035  N 0.006862 4.476351 0.025158 

C 1.412102 2.219868  N 3.729743 -2.165576 -0.064776 

C -2.575412 4.597819  C -1.408255 2.200714 0.066237 

C -3.915023 2.397094  C 2.568316 4.572842 -0.073338 

C -2.473749 0.126684  C 3.916782 2.388919 -0.139783 

O 3.723253 2.322112  C 2.467949 0.093239 -0.112210 

H 1.041566 6.071893  O -3.719708 2.322909 0.160549 

H -3.409525 6.462960  H -1.042290 6.068336 0.080516 

H -5.951576 2.383807  H 3.423178 6.428749 -0.086892 

H -3.461774 -1.673431  H 5.954259 2.394509 -0.190073 

    H 2.630010 -3.687371 -0.388326 

    H 5.486401 -2.232829 -0.786933 
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Derivative 2’ x y 

N -0.003685 0.009160 

N -0.005301 4.494415 

N 3.745278 -2.110358 

C -1.405350 2.206868 

C 2.557248 4.606857 

C 3.922829 2.433520 

C 2.487423 0.125676 

O -3.720311 2.319439 

H -1.065933 6.079335 

H 3.400571 6.468203 

H 5.960971 2.456214 

H 2.714120 -3.705284 

H 5.636059 -2.207203 

Derivative 2” x y z 

N -0.018780 -0.008039 -0.023480 

N 0.006862 4.476351 0.025158 

N 3.729743 -2.165576 -0.064776 

C -1.408255 2.200714 0.066237 

C 2.568316 4.572842 -0.073338 

C 3.916782 2.388919 -0.139783 

C 2.467949 0.093239 -0.112210 

O -3.719708 2.322909 0.160549 

H -1.042290 6.068336 0.080516 

H 3.423178 6.428749 -0.086892 

H 5.954259 2.394509 -0.190073 

H 3.802769 -2.989421 1.651587 

H 3.537971 -3.337237 -1.548796 

Derivative 3 x y 

N 0.073747 -0.013744 

N 0.014235 4.472188 

N 3.787336 -2.304471 

C -1.383539 2.194687 

C 2.575584 4.630077 

C 3.972157 2.463223 

C 2.537767 0.197323 

O -3.692037 2.246761 

O 6.123348 -2.113858 

H -1.059141 6.053663 

H 3.376747 6.509635 

H 6.005852 2.454544 

Derivative 3’ x y 

N -0.139197 0.033168 

N -0.003749 4.519684 

N 3.819301 -2.251377 

C -1.499901 2.294678 

C 2.557065 4.579921 

C 3.850422 2.344314 

C 2.323570 0.147342 

O -3.802728 2.460825 

O 2.476037 -4.155793 

H -1.016271 6.141399 

H 3.437254 6.423645 

H 5.883971 2.238272 
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Derivative 6 x y  Derivative 7 x y 

N -0.040100 0.003515  N -0.042413 0.039365 

N 0.000608 4.493211  N -0.021690 4.529428 

C 3.878466 -2.301438  C 3.916272 -2.255850 

C -1.443268 2.242514  C -1.450420 2.271769 

C 2.560387 4.600132  C 2.540050 4.644590 

C 3.903771 2.397918  C 3.887289 2.446867 

C 2.440537 0.146775  C 2.439560 0.182032 

O -3.750705 2.348717  C 3.810929 -6.653923 

O 6.147960 -2.480287  O 2.431876 -4.303815 

F 2.366601 -4.339881  O -3.761273 2.371893 

H -1.042948 6.095169  O 6.231206 -2.301115 

H 3.405694 6.460011  H -1.073115 6.125281 

H 5.938193 2.350350  H 3.378310 6.507998 

    H 5.921333 2.399715 

    H 2.370500 -8.109164 

    H 4.993053 -6.785665 

    H 4.993053 -6.785665 

 

Derivative 4 x y  Derivative 5 x y 

N -0.035330 -0.019755  N -0.032290 0.007139 

N 0.010839 4.476066  N -0.006287 4.491008 

N 4.959191 -4.173895  C 3.780096 -2.346895 

C 3.786461 -2.269895  C -1.444536 2.240233 

C -1.432825 2.223417  C 2.558057 4.607853 

C 2.568721 4.582992  C 3.905739 2.410847 

C 3.913543 2.381698  C 2.453861 0.153408 

C 2.451560 0.121950  O -3.754048 2.340623 

O -3.738702 2.331216  O 6.087398 -2.540934 

H -1.033427 6.077772  H -1.053882 6.089675 

H 3.418610 6.440679  H 3.391098 6.473664 

H 5.949771 2.352608  H 5.941078 2.355114 

    H 2.501224 -3.987165 
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Derivative 10 x y  Derivative 10’ x y 

N -0.003241 -0.010471  N 0.046257 0.004815 

N 0.022201 4.462868  N -0.004586 4.492722 

O 3.771407 -2.074493  O 3.728182 -2.091984 

O -3.718591 2.314211  O -3.699550 2.276102 

C -1.408223 2.204742  C -1.388913 2.195101 

C 2.589508 4.556604  C 2.552103 4.629831 

C 3.940426 2.370634  C 3.933784 2.461059 

C 2.463663 0.113185  C 2.504867 0.159453 

H -1.018963 6.061955  H -1.078129 6.070706 

H 3.439838 6.413705  H 3.380833 6.497028 

H 5.974288 2.323508  H 5.972253 2.505768 

H 2.496157 -3.396960  H 5.528634 -1.793281 

 

Derivative 8 x y  Derivative 9 x y 

N -0.063625 0.025521  N -0.037893 0.056516 

N 0.001160 4.514372  N -0.080104 4.542233 

C 3.860952 -2.307808  C 3.723098 -2.301839 

C -1.451429 2.271671  C -1.471150 2.267334 

C 2.563518 4.604824  C 2.483409 4.670377 

C 3.890473 2.394437  C 3.852201 2.492478 

C 2.418943 0.146157  C 2.456841 0.174512 

O -3.760394 2.393328  C 6.228453 -2.692492 

O 6.171249 -2.392901  O -3.784870 2.335200 

O 2.360127 -4.355773  H -1.144674 6.127664 

H -1.034013 6.121018  H 3.309781 6.539241 

H 3.419808 6.459886  H 5.886998 2.549746 

H 5.924005 2.328790  H 6.983648 -4.589039 

H 3.505152 -5.792185  H 7.588414 -1.168327 

    H 2.426330 -3.884785 
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Derivative 10” x y z 

N 0.000368 -0.015768 -0.000015 

N 0.009503 4.457875 0.000610 

O 3.783313 -2.065460 0.000155 

O -3.723533 2.295553 0.001000 

C -1.412875 2.195307 0.000161 

C 2.577315 4.559673 0.001268 

C 3.935660 2.378858 0.001096 

C 2.466245 0.115948 0.000442 

H -1.035718 6.054407 0.001200 

H 3.420583 6.419946 0.001801 

H 5.969710 2.338382 0.001536 

H 4.030481 -2.475765 1.774089 

 
Derivative 11 x y z 

N 0.000000 0.000000 0.000000 

N 0.000000 4.468425 0.000000 

N 3.624353 -2.256135 0.000000 

C -1.414731 2.202977 0.000000 

C 2.561755 4.566705 0.000000 

C 3.939553 2.391531 0.000000 

C 2.485777 0.118408 0.000000 

C 6.166466 -2.892157 0.000000 

C 6.609630 -5.714942 0.000000 

O 7.888551 -1.337698 0.000000 

O -3.728263 2.297793 0.000000 

H -1.047859 6.064185 0.000000 

H 3.408238 6.426207 0.000000 

H 5.969209 2.373710 0.000000 

H 2.329839 -3.663285 0.000000 

H 8.630972 -6.056197 0.000000 

H 5.764867 -6.578534 -1.667361 

H 5.764816 -6.578366 1.667361 
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Derivative 12 x y  Derivative 13 x y 

N -0.013659 -0.012776  N -0.198947 0.031906 

N 0.007657 4.469395  N 0.033970 4.510270 

F 3.707659 -2.046826  N 3.490773 -2.279035 

C -1.427789 2.215387  C -1.485182 2.302347 

C 2.575104 4.565667  C 2.599688 4.485868 

C 3.920613 2.374485  C 3.846216 2.241672 

C 2.419603 0.140787  C 2.291575 0.015392 

O -3.734119 2.311385  C 2.253647 -4.609290 

H -1.027981 6.074673  C 3.471211 -6.828135 

H 3.425398 6.422237  O -3.790465 2.529726 

H 5.953906 2.317259  H -0.940279 6.150188 

    H 3.541921 6.298953 

    H 5.883489 2.157089 

    H 5.395868 -2.281550 

    H 0.220886 -4.439242 

    H 2.410549 -8.565913 

    H 5.510995 -6.956062 

 
 
Derivative 14 x y z  Derivative 15 x y 

C -0.001215 -0.017837 -0.000193  C -0.002649 -0.014611 

C -0.015369 2.563038 -0.000021  C -0.013204 2.554739 

C 2.454022 -1.140384 -0.000060  C 2.353456 -1.292207 

C 4.624642 2.701644 0.000072  C 4.642091 2.501617 

C -2.361021 -1.587652 -0.000446  F -2.177462 -1.352814 

N 4.624833 0.057731 0.000153  N 4.551190 -0.148436 

N 2.218760 3.837242 0.000163  N 2.279326 3.730994 

O 6.529484 4.017951 0.000830  O 6.595706 3.739804 

H 2.248983 5.747281 0.000376  H 2.380411 5.638837 

H 2.580297 -3.194134 -0.000111  H 2.352708 -3.344877 

H -1.718064 3.696597 0.000004  H -1.703615 3.697173 

H -2.449564 -2.799530 -1.663823  

H -2.449483 -2.800167 1.662470  

H -4.036479 -0.392481 -0.000172  
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Derivative 16 x y z  Derivative 16’ x y 

C  -0.063155 0.065420 -0.027014  C 0.000000 0.000000 

C  -0.019719 2.648363 -0.148538  C 0.000000 2.568934 

C  2.353001 -1.131553 0.114780  C 2.476676 -1.128740 

C  4.626082 2.661017 0.107711  C 4.603312 2.705129 

N  -2.258333 -1.422951 -0.253437  N -2.362193 -1.588047 

N  4.544831 0.017317 0.205566  N 4.612445 0.070436 

N  2.268120 3.849340 -0.110368  N 2.228895 3.850606 

O  6.573825 3.915342 0.189094  O 6.486342 3.953825 

H  2.353861 5.754719 -0.203437  H 2.241458 5.740002 

H  2.406059 -3.187778 0.160005  H 2.604928 -3.178640 

H  -1.685878 3.824180 -0.292250  H -1.696022 3.706253 

H  -2.293775 -2.844904 1.024368  H -1.911971 -3.602229 

H  -3.860944 -0.397306 -0.070768  H -4.048241 -0.403292 

 
Derivative 16” x y z  Derivative 17 x y 

C -0.063155 0.065420 -0.027014  N -0.069124 0.006440 

C -0.019719 2.648363 -0.148538  N -0.000994 4.535112 

C 2.353001 -1.131553 0.114780  N -6.595245 2.396202 

C 4.626082 2.661017 0.107711  C 1.380648 2.213666 

N -2.258333 -1.422951 -0.253437  C -2.530749 4.716925 

N 4.544831 0.017317 0.205566  C -3.906048 2.517797 

N 2.268120 3.849340 -0.110368  C -2.535847 0.197327 

O 6.573825 3.915342 0.189094  O 3.684204 2.291851 

H 2.353861 5.754719 -0.203437  O -7.647012 4.504130 

H 2.406059 -3.187778 0.160005  H 1.096852 6.102884 

H -1.685878 3.824180 -0.292250  H -3.397034 6.568522 

H -3.391466 -1.264601 1.278533  H -3.612347 -1.551420 

H -3.276452 -0.994270 -1.813355  
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Derivative 18 x y  Derivative 19 x y 

N -0.085680 0.001349  N -0.106514 -0.001264 

N 0.030757 4.483307  N -0.037539 4.513263 

C 6.685051 2.313077  C 6.605977 2.399887 

C -1.448015 2.266809  C -1.490533 2.246494 

C 2.593903 4.535537  C 2.501707 4.607417 

C 3.922349 2.310760  C 3.829836 2.382980 

C 2.389709 0.077278  C 2.367539 0.119340 

C 8.196333 0.274995  O -3.793387 2.387976 

O -3.756284 2.414823  O 7.880010 4.339336 

H -0.977782 6.106303  H -1.081128 6.116513 

H 3.480102 6.379746  H 3.413397 6.438199 

H 3.315295 -1.755271  H 3.350616 -1.687483 

H 7.556300 4.171054  H 7.507662 0.518316 

H 10.224698 0.494574  

H 7.479603 -1.636651  

 
Derivative 20 x y  Derivative 21 x y 

C  0.073318 -0.151469  N -0.006312 0.002957 

C  -0.016505 2.443649  N 0.005344 4.512056 

C  2.586057 -1.166895  C 6.677191 2.568286 

C  4.611584 2.763486  C -1.417962 2.234062 

C  -2.229517 -1.657912  C 2.547231 4.631450 

C  -2.332531 -4.213401  C 3.897745 2.426547 

N  4.703209 0.123106  C 2.466521 0.135017 

N  2.170176 3.800201  O -3.723459 2.342235 

N  -4.503656 -5.625568  O 7.896027 4.527869 

O 6.472708 4.145991  O 7.755314 0.240305 

H  2.124312 5.709825  H -1.050724 6.106104 

H  2.829356 -3.206587  H 3.435746 6.472371 

H  -1.760025 3.513178  H 3.470274 -1.652566 

H  -3.997114 -0.614025  H 9.567474 0.532912 

H  -0.625280 -5.340714  

H  -4.438052 -7.514361  

H  -6.207600 -4.796478  
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Derivative 22 x y  Derivative 23 x y 

N 0.093676 0.011405  N 0.039567 -0.003120 

N 0.028820 4.516294  N -0.014625 4.515559 

N 8.892000 2.530911  N -6.577510 2.388743 

C 6.656270 2.529683  C 1.431194 2.245757 

C -1.358867 2.221417  C -2.557575 4.621233 

C 2.574519 4.687169  C -3.840001 2.386421 

C 3.959713 2.499920  C -2.431850 0.090471 

C 2.557989 0.177763  O 3.732345 2.372473 

O -3.663878 2.282786  O -7.663149 4.470334 

H -1.050871 6.094772  O -7.646048 0.298486 

H 3.400845 6.556392  H 1.025203 6.120997 

H 3.597991 -1.592104  H -3.477285 6.443598 

    H -3.447228 -1.688322 

 
p-Cyt x y  �-Cyt x y 

N 0.000000 0.000000  N 0.000000 0.000000 

N 0.000000 4.506694  N 0.000000 4.343157 

N 4.180771 -1.667028  N 3.454716 -2.467320 

C -1.407988 2.187588  C -1.482704 2.201702 

C 2.542705 4.750813  C 2.625426 4.409201 

C 3.942790 2.567188  C 3.987454 2.241726 

C 2.474023 0.278529  C 2.639002 -0.093368 

C 6.567430 1.875395  C -0.863405 -2.455016 

C 6.626970 -0.709557  C 1.294635 -3.914146 

O -3.724824 2.332889  O -3.794415 2.193523 

H -1.120699 6.054254  H -0.994168 5.970462 

H 3.311147 6.646389  H 3.452138 6.273464 

H 3.678002 -3.502072  H 6.024366 2.247165 

H 8.182833 3.112654  H 1.397771 -5.947810 

H 8.224460 -1.971766  H -2.849154 -2.879046 
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�-CytH+ x y z 

N 0.074850 -0.016494 0.000365 

N 0.014613 4.354080 0.000225 

N 3.352028 -2.453837 0.001393 

C -1.469890 2.206704 0.000064 

C 2.611215 4.435334 0.000790 

C 4.026475 2.289529 0.001323 

C 2.651525 -0.006639 0.000917 

C -0.831744 -2.468246 -0.000344 

C 1.247515 -3.999696 0.000433 

O -3.754804 2.106902 -0.001359 

H -0.981250 5.990663 -0.000423 

H 3.434488 6.302557 0.000892 

H 6.062527 2.338441 0.001861 

H 1.398069 -6.026411 0.000486 

H -2.824752 -2.864248 -0.001094 

H 5.166234 -3.058478 0.001975 
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APPENDIX D 
 

SUPPORTING INFORMATION FOR CHAPTER 5:   

THREE-STATE CONICAL INTERSECTIONS IN CYTOSINE AND 

PYRIMIDINONE BASES 
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Figure SI-5.1  Branching plane loop around B, � = 0.05 bohr.  a) 10
CI θf  (black squares) and 10

An θf  

(blue diamonds), defined in equation (5.6), both in units of deg-1, with resect to �, in deg, as 

defined in the text.  b)   |f10| (black squares), |f21| (green triangles), and |f20| (red traingles), as 

defined in equation (5.3), with respect to �, in deg.  c) S0, S1, and S2 energies, in eV, referenced to 

the cytosine MRCI1 ground state energy, with respect to � , in deg. 
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Figure SI-5.2  Branching plane loop around C, � = 0.01 bohr.  a) 10
CI θf  (black squares) and 10

An θf  

(blue diamonds), defined in equation (5.6), with respect to �, in deg, as defined in the text.  b)   

|f10| (black squares), |f21| (green triangles), and |f20| (red triangles), as defined in equation (5.3), 

with respect to �.  c) S0, S1, and S2 energies referenced to the cytosine MRCI1 ground state 

energy, with respect to �. 
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Figure SI-5.3  Branching plane loop around C, � = 0.05 bohr.  a) 10
CI θf  (black squares) and 10

An θf  

(blue diamonds), defined in equation (5.6), with respect to �, as defined in the text.  b)   |f10| 

(black squares), |f21| (green triangles), and |f20| (red triangles), as defined in equation (5.3), with 

respect to �.  c) S0, S1, and S2 energies referenced to the cytosine MRCI1 ground state energy, 

with respect to �. 
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Figure SI-5.4  S0-S1 (gs/ππ*) seam path from 5M2P Rx1(ci012).  The gradient of the S0-S1 seam 

from Rx1(ci012) leads to the previously reported “twist” Rx(ci01)’, described in Chapter 3.  

Energies are in eV are shown with respect to �N3-C4-C5, in degrees.
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Figure SI-5.5  S1-S2 (ππ*/nNπ*) seam path from 5M2P Rx1(ci012).  The gradient of the S1-S2 

seam from Rx1(ci012) leads to the previously reported ππ*/nNπ* Rx(ci12)’.  Energies are in eV 

are shown with respect to �N1-C2-N3, in degrees. 
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Figure SI-5.6   S0-S1 (ππ*/n0π*) seam path from 5M2P Rx2(ci012).  The gradient of the S0-S1 

seam from Rx2(ci012) leads to the previously reported ππ*/nOπ* Rx(ci01)”.  Energies are in eV 

are shown with respect to R(C2-O8), in Å. 
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Figure SI-5.7   S1-S2 (ππ*/nOπ*) seam path from 5M2P Rx2(ci012).  The gradient of the S1-S2 

seam from Rx2(ci012) leads to the previously reported ππ*/nOπ* Rx(ci12).  Energies are in eV are 

shown with respect to R(C2-O8), in Å. 
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Figure SI-5.8   S1-S2 (ππ*/nNπ*) seam path from 5M2P Rx(ci123).  The gradient of the S1-S2 

seam from Rx(ci123) leads to the previously reported ππ*/nNπ* Rx(ci12)’.  Energies are in eV are 

shown with respect to R(C5-C6), in Å. 
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APPENDIX E 

SUPPORTING INFORMATION FOR CHAPTER 7:  

PHOTOPHYSICAL PATHWAYS OF CYTOSINE IN AQUEOUS 

SOLUTION 
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Figure SI-7.1  Select radial distribution function plots.  The radial distribution, g(r), is plotted 

with respect to r, the radial distance from the selected cytosine atom, in Angstroms, for each 

cytosine geometry and state-specific partial atomic charge set, as described in the text.  Particular 

cytosine geometry and charge set are given at the top of each plot.  Line colors correspond to the 

different cytosine-water atom pairs:  black = O-HW, red = N3-HW, green = H1-OW, magenta = 

H7-OW, blue = H8-OW, where HW and OW are water hydrogen and oxygen, respectively, and 

O, N3, H1, H7 and H8 are cytosine atoms, as defined in the text.  GS HF charges are the 

CHELPG charges derived from the HF density of the S0-min geometry.  MRCI S0 and S1 charges 

are the CHELPG charges derived from the MRCI S0 and S1 densities, respectively, for the 

specific geometry given in the plot.    
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Figure SI-7.1 continued.



 378 

 
 
 
 
 

0 1 2 3 4 5 6 7 8 9 10
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4

Twist-ts, GS HF charges

O-HW
N3-HW
H1-OW
H7-OW
H8-OW

r/Angstroms

g(
r)

0 1 2 3 4 5 6 7 8 9 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2
Twist-ts, MRCI S1 charges

O-HW
N3-HW
H1-OW
H7-OW
H8-OW

r/Angstroms

g(
r)

 
 

0 1 2 3 4 5 6 7 8 9 10
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8
Min1,  GS HF charges

O-HW
N3-HW
H1-OW
H7-OW
H8-OW

r/Angstroms

g(
r)

0 1 2 3 4 5 6 7 8 9 10
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2
Min1, MRCI S1 charges 

O-HW
N3-HW
H1-OW
H7-OW
H8-OW

r/Angstroms

g(
r)

Figure SI-7.1 continued. 
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Figure SI-7.1 continued. 
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Figure SI-7.1 continued. 
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Figure SI-7.1 continued. 
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S0-min, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.32 1.85 0.35 2.45 0.96 3.15 
N3-HW 0.65 1.95 0.20 2.55 1.09 5.55 
H1-OW 0.93 2.05 0.41 2.55 1.02 5.15 
H7-OW 0.61 2.15 0.54 2.55 1.10 3.55 
H8-OW 0.63 2.15 0.52 2.55 0.98 3.45 
       

S0-min, MRCI S0 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.00 1.85 0.38 2.45 0.94 3.15 
N3-HW 0.56 1.95 0.21 2.55 1.10 5.75 
H1-OW 0.93 2.05 0.40 2.65 1.00 5.25 
H7-OW 0.60 2.15 0.53 2.55 1.15 3.55 
H8-OW 0.82 2.05 0.43 2.55 1.02 3.55 
       

S0-min, MRCI S1 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.31 2.05 0.31 2.15 1.00 3.35 
N3-HW 0.87 1.95 0.18 2.55 1.10 5.45 
H1-OW 1.06 1.95 0.38 2.55 1.06 5.35 
H7-OW 0.61 2.15 0.55 2.45 1.13 3.45 
H8-OW 0.64 2.05 0.47 2.45 1.04 3.55 
       

 
Table SI-7.1  Select radial distribution function data.  The first and second peaks of the radial 

distribution function g(r), gmax1 and gmax2, respectively, and their respective radial distances from 

designated cytosine atoms, rmax1 and rmax2, in Angstroms, as well as the minimum g(r) between 

these two maxima, gmin, and its radial distance rmin, are given for select cytosine-water atom pairs, 

as defined in the text, for each cytosine geometry and state-specific partial atomic charge set.  GS 

HF charges are the CHELPG charges derived from the HF density of the S0-min geometry.  

MRCI S0 and S1 charges are the CHELPG charges derived from the MRCI S0 and S1 densities, 

respectively, for the specific geometry given.    
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Twist ci01, MRCI S0 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.26 1.85 1.26 2.35 0.96 4.25 
N3-HW 0.62 1.95 0.18 2.55 1.11 5.45 
H1-OW 0.92 1.95 0.40 2.55 1.02 5.55 
H7-OW 0.62 2.15 0.52 2.45 1.09 7.25 
H8-OW 0.61 2.15 0.54 2.45 1.01 7.25 
       
Twist ci01+0.1g, MRCI S1 charges    
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.70 1.85 0.37 2.35 0.97 4.15 
N3-HW 0.41 2.05 0.21 2.55 1.11 5.45 
H1-OW 0.81 2.05 0.42 2.55 1.03 5.55 
H7-OW 0.72 2.05 0.46 2.45 1.13 3.55 
H8-OW 0.87 2.05 0.45 2.55 1.03 3.55 

 
Twist ci01+0.1g, GS HF charges    
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.26 1.85 0.32 2.45 0.97 3.15 
N3-HW 0.62 1.95 0.18 2.55 1.11 5.45 
H1-OW 0.98 1.95 0.41 2.55 1.02 5.55 
H7-OW 0.60 2.15 0.53 2.45 1.07 3.55 
H8-OW 0.60 2.15 0.55 2.45 1.00 3.55 
       
Twist-ts, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.29 1.85 0.32 2.45 0.97 3.15 
N3-HW 0.59 1.95 0.19 2.55 1.09 5.55 
H1-OW 0.91 2.05 0.38 2.55 0.99 5.15 
H7-OW 0.60 2.15 0.52 2.45 1.08 3.45 
H8-OW 0.66 2.15 0.53 2.45 0.97 3.35 
       
Twist-ts, MRCI S1 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.38 2.05 0.35 2.25 0.98 4.05 
N3-HW 0.37 2.05 0.25 2.55 1.09 5.75 
H1-OW 0.84 2.05 0.42 2.55 1.03 5.35 
H7-OW 0.68 2.05 0.48 2.55 1.12 3.45 
H8-OW 0.63 2.05 0.51 2.45 1.05 3.35 
       

 
Table SI-7.1 continued. 
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Min1, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.61 1.75 0.32 2.45 0.99 3.05 
N3-HW 0.66 1.95 0.22 2.55 1.09 5.65 
H1-OW 0.90 2.05 0.42 2.65 1.02 5.05 
H7-OW 0.62 2.15 0.51 2.45 1.09 3.45 
H8-OW 0.67 2.05 0.51 2.55 0.98 3.45 
       
Min1, MRCI S1 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.05 3.95 0.85 5.15 1.05 7.35 
N3-HW 0.50 1.95 0.24 2.55 1.09 5.55 
H1-OW 1.12 1.95 0.37 2.55 1.03 5.45 
H7-OW 0.58 2.15 0.52 2.35 1.08 3.45 
H8-OW 0.58 2.15 0.51 2.55 1.02 3.45 
       
Sofa-ts1, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.40 1.85 0.33 2.45 0.99 3.15 
N3-HW 0.74 1.95 0.20 2.55 1.11 5.55 
H1-OW 0.96 2.05 0.41 2.55 1.04 5.25 
H7-OW 0.68 2.05 0.52 2.45 1.06 3.45 
H8-OW 0.70 2.05 0.50 2.55 1.01 3.45 
       
Sofa-ts1, MRCI S1 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.58 1.95 0.36 2.45 1.00 4.15 
N3-HW 1.09 5.65 0.99 7.15 1.03 8.75 
H1-OW 1.00 1.95 0.39 2.55 1.01 5.25 
H7-OW 0.71 2.05 0.49 2.55 1.05 3.45 
H8-OW 0.63 2.15 0.50 2.55 1.07 3.45 
       

 
Table SI-7.1 continued. 



 385 

 
 
 
 
 
 
 
 
 
 
 

Sofa-ts2, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.30 1.85 0.32 2.45 0.97 3.15 
N3-HW 0.87 1.95 0.20 2.55 1.13 5.45 
H1-OW 0.94 1.95 0.42 2.55 1.01 5.15 
H7-OW 0.79 2.05 0.53 2.45 1.03 3.45 
H8-OW 0.67 2.05 0.51 2.45 1.05 3.45 
       
Sofa-ts2, MRCI S1 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.59 1.95 0.38 2.35 0.97 3.95 
N3-HW 1.11 5.65 0.99 7.15 1.03 8.55 
H1-OW 1.07 1.95 0.36 2.55 0.98 5.55 
H7-OW 0.68 2.05 0.53 2.45 1.05 3.45 
H8-OW 0.74 2.05 0.45 2.55 1.05 3.45 
       
Sofa-min, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.34 1.85 0.33 2.45 0.93 4.35 
N3-HW 0.92 1.95 0.20 2.55 1.11 5.55 
H1-OW 0.94 1.95 0.41 2.55 0.98 5.15 
H7-OW 0.78 2.05 0.52 2.45 1.04 3.55 
H8-OW 0.69 2.05 0.51 2.45 1.00 3.45 
       
Sofa-min, MRCI S1 charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.60 1.95 0.38 2.45 0.96 4.05 
N3-HW 1.10 5.75 0.99 7.15 1.03 8.85 
H1-OW 0.96 1.95 0.41 2.65 1.09 6.75 
H7-OW 0.81 2.05 0.47 2.55 1.03 3.55 
H8-OW 0.60 2.15 0.50 2.45 1.03 3.35 
       

 
Table SI-7.1 continued. 
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Sofa ci01, GS HF charges     
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 1.36 1.85 0.33 2.45 0.94 3.15 
N3-HW 0.97 1.95 0.20 2.55 1.11 5.45 
H1-OW 0.94 1.95 0.42 2.55 0.99 5.15 
H7-OW 0.77 2.05 0.50 2.45 1.02 3.45 
H8-OW 0.69 2.05 0.52 2.45 0.99 3.45 
       
Sofa ci01+0.1g, MRCI S1 charges    
 gmax1 rmax1 gmin1 rmin1 gmax2 rmax2 
O-HW 0.59 1.95 0.41 2.45 0.94 4.15 
N3-HW 1.10 5.65 0.99 7.15 1.03 8.75 
H1-OW 0.85 2.05 0.47 2.65 0.97 5.25 
H7-OW 0.83 2.05 0.45 2.55 1.05 3.45 
H8-OW 0.61 2.15 0.51 2.45 1.04 3.25 

 
Table SI-7.1 continued. 
 
 
 
 


