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Abstract 
Density functional theory (DFT) calculations attempting to explain X- and  radiation damage 

in the two systems of crystalline rhamnose and asparagine are presented. All calculations are 

performed on a crystal lattice treated with periodic boundary conditions to mimic a physical 

crystal as closely as possible. Geometry optimizations, nudged elastic band calculations and 

molecular dynamics simulations have been applied in order to describe the processes behind 

radical formation and -trapping in the two systems. In rhamnose, the main goal was to 

understand selective radical formation and describe an intermolecularly trapped electron 

which is observed in experiments. This system was also used for development of a molecular 

dynamics procedure for automated radical generation. The method offers insight into possible 

radical formation mechanisms as well as possible products, and may later be applied to other 

systems. In asparagine, focus has been on identifying different radical species in a combined 

experimental and computational approach. Predicted experimental properties from DFT have 

provided better insight into- and understanding of the experimental evidence in both systems. 
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1 Introduction 

Outline of this thesis 

It is possible to calculate and predict the behavior of chemical systems using the basic 

laws of physics. We can gain knowledge about the tiny invisible atoms and molecules which 

can explain macroscopic phenomena visible to the human eye or with biological impact on 

our lives. This can be done by precise, and sometimes less precise, quantum chemical 

calculations. In this thesis quantum physics has been used to try to gain understanding of 

radiation physics and –chemistry.  

This chapter contains a brief introduction to radiation physics and –chemistry and the 

model systems used in this thesis. Chapter 2 contains a summary of the major experimental 

methods which are used to study radiation damage discussed in the present work, before 

chapter 3 introduces the computational approaches and how the results of the calculations 

may be compared to available experimental evidence. Chapter 4 sums up available general 

knowledge about radiation damage and its mechanisms, and more specific knowledge 

available about the systems studied in this thesis. Chapter 5 is a summary of the new insights 

gained in the present work with focus on how calculations have contributed to these. Chapter 

6 contains discussions about the reliability and implications of these new insights. 

1.1 Bio-molecular radiation physics and –chemistry 

Ionizations and radical production 

Radiation, in the context of this thesis, will be taken to mean X- and/or -radiation. 

These radiation qualities are used because they are representatives of so-called ionizing 

radiation, a type of radiation which, not surprisingly, will lead to the formation of ions in the 

target material. The primary radicals, in a substance originally consisting of neutral closed-

shell molecules, will be positively charged radicals (radical cations) and ejected electrons. 

These loose electrons cause excitations and further ionizations as they deposit energy on their 

way through the substance. When the electrons are sufficiently slowed down, they can be 

absorbed into molecules to form negatively charged radicals (radical anions) or be caught in 

potential traps between polar groups to form intermolecularly trapped electrons (IMTEs). 
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impact us as little as possible. When high energy radiation is used in the treatment of cancer, 

the aim is to cause maximum damage to the cancer cells, and render the healthy tissue as 

undamaged as possible. Today this is done by carefully planning and evaluating the radiation 

doses and how these doses are deposited in the body of the patient. In the future, it may be 

that an even better understanding of the very primary mechanisms causing the radiation 

damage can provide additional ways of controlling the biological effects of the radiation.  

The research presented in this thesis is basic research. The aim is to contribute to as 

good an understanding of the mechanisms of radiation damage to biological systems as 

possible. As DNA and its environment constitute a very complex system, simpler model 

systems are chosen to gain an understanding of the basic processes taking place.  

Sugars and amino acids as model systems 

The model systems chosen for the work presented in this thesis are a sugar, -L-

rhamnose, and an amino acid, L-asparagine. The sugar is chosen because of its relevance to 

backbone damages in the DNA as sugar radicals are known precursors for strand breaks 2-4. 

Approximately 50 % of all ionizations in DNA occur on the sugar phosphate backbone5. The 

ejected electrons tend to localize transfer to the DNA bases, while approximately 25% of all 

initial sugar phosphate holes will remain trapped at the sugar phosphate group2, 5. Although 

radiation damage is selective, different sugars seem to display a common pattern with regards 

to types of radicals formed and how these radicals evolve and react6. Gaining an 

understanding of these general patterns as well as how and why selectivity occurs may enable 

extrapolation to more complex systems presently unfeasible for direct study at this level of 

detail. 

The amino acid asparagine has an amidated side chain with a polar character and is 

among the amino acids that form the most hydrogen bonds with DNA within a cell. 

Asparagine forms hydrogen bonds mainly with the phosphate group on the DNA backbone 

and the amino acid side chain also forms hydrogen bonds with the DNA bases, with a 

preference for adenine7. This close contact with DNA suggests that the radiation chemistry of 

asparagine may well influence that of DNA. Studies have shown that more radicals are 

produced in irradiated DNA in complexes with histones (proteins) than in pure DNA8-10. Still, 

proteins have been found to protect DNA against double strand breaks 11-13. In light of this, an 

understanding of the radiation chemistry of asparagine itself is of interest, as this may shed 

light on the mechanisms leading to radio protection and -sensitization of DNA.  
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How to investigate radiation damage? 

Because the radicals formed by the radiation are paramagnetic (i.e. they contain at 

least one unpaired electron), these can be studied by electron magnetic resonance (EMR) 

spectroscopy techniques. It is the magnetic properties of the unpaired electron of the radicals 

and the interactions of these electrons with the magnetic nuclei in the molecules that are 

measured. By performing these measurements on oriented single crystal samples, it is 

possible to infer characteristics of the chemical structure of the radicals, but this is not at all 

trivial.  

Understanding radiation damage can be broken down into three small questions. It is a 

matter of knowing what products are formed, how they are formed and why these are formed 

over others. In this context, experimental data can in principle answer questions what and 

how, but will never be able to answer why. This is where theory plays an important role. In 

practice however, the experiments are not always able to give good answers to the question of 

how, and as will be discussed in the following thesis, sometimes also what is a tricky 

question. 

To aid the structure determination of the radiation damage products, density functional 

theory (DFT) calculations have evolved to become an important tool6, 14-24. DFT is used to 

calculate optimal geometrical structures of molecules and radicals, and the magnetic 

properties of these. This enables confirmation or rejection of the proposed structures of 

radicals that have been suggested based on experimental evidence. DFT also offers ways of 

comparing chemical structures and reaction mechanisms to each other and thereby gaining 

insight into the mechanisms behind the radiation damage. This is the ultimate goal of 

radiation physics and -chemistry. 

1.2 -L-rhamnose 
Rhamnose is a deoxy sugar which occurs naturally in various plants, and recently 

rhamnose has also found use in anti-wrinkle cream. On the other hand, the radiation chemistry 

of -L-rhamnose single crystals has been investigated by researchers since the 1970’s19, 25-35. 

The sugar easily crystallizes from aqueous solutions as -L-rhamnose monohydrate which is 

monoclinic with space group P21 and two asymmetric units (one rhamnose- and one water 

molecule) per unit cell. The crystal structure has been determined by several groups36-38.  
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Rhamnose crystals contain two infinitely long hydrogen bond chains formed by 

alternating water molecules and rhamnose hydroxyl groups. A schematic drawing of the 

molecular structure with numbering scheme as well as images of the geometrical structure and 

the hydrogen bond chains can be seen in Figure 2. In the b-direction of the crystal, the 

hydrogen bond chain pattern is [O4 – H  Ow – H ] , while the other chain is in the c-

direction with pattern [O1 – H  O2 – H  Ow – H ] . All waters of crystallization 

constitute intersections between hydrogen bond chains as one water hydrogen atom is part of 

the b-direction chain and the other is part of the c-direction chain.  A summary of the previous 

radiation chemistry work performed on -L-rhamnose single crystals is given in section 4.2. 

 

 

Figure 2: Left: Chemical structure of -L-rhamnose with numbering scheme indicated. Right: 
Illustration of hydrogen bond scheme in single crystals of -L-rhamnose, b-direction is horizontal and 
c-direction is vertical. The two hydrogen bond chains are indicated in dotted red. O4 positions are 
marked in blue, O1 positions are marked in green and O2 positions are marked in magenta. The two 
hydrogen bond chains intersect at water molecules. Figures are reproduced from S. G. Aalbergsjø, E. 
Pauwels, A.Van Yperen-De Deyne, V. Van Speybroeck and E. Sagstuen, Physical Chemistry 
Chemical Physics 16 (2014), 17196-17205 – Reproduced by permission of the PCCP Owner Societies.

1.3 L-asparagine 
Asparagine, commonly abbreviated Asn, is one of the 20 most common natural amino 

acids, it is naturally abundant in the asparagus plant, but for humans it is a non-essential 

amino acid. The amino acid crystallizes in two different forms, where the most common 

seems to be L-asparagine monohydrate. Figure 3 shows the molecular structure with 

numbering scheme used. The crystal structure of L-asparagine monohydrate, which is the 
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compound studied in this thesis, is orthorhombic with space group P212121 and four 

asymmetric units (one asparagine- and one water molecule) per unit cell. The crystal structure 

has been determined by X-ray39-43 and neutron diffraction44-46.  

Asparagine can also crystallize as L-asparagine anhydrate, in which the asparagine 

molecule has a different conformation than in the monohydrate form47. The anhydrous 

crystals are described as plate-like47 as opposed to the monohydrous crystals, which are 

prisms, and the two forms should be easily distinguished. The radiation chemistry of this 

amino acid has been investigated by several groups48-54. A summary of these results can be 

found in section 4.2. 

  
Figure 3: Left: Chemical structure and numbering scheme of L-asparagine. Figure reproduced with 
permission from L. F. Øyen, S. G. Aalbergsjø, I. S. Knudtsen, E. O. Hole and E. Sagstuen, Journal of 
Physical Chemistry B 119 (2015), 491–502. Copyright © 2014 American Chemical Society. Right: 
Conformation of one (intact) molecule in single crystals of L-asparagine monohydrate. Figure 
courtesy of Live Furnes Øyen. 
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2  Measuring radiation damage 

2.1 Detecting and characterizing radicals 

Electron magnetic resonance 

Since ionizing radiation creates damage products which have unpaired electrons, the 

damaged sites are paramagnetic due to unpaired electron spin. These species can be detected 

by EMR spectroscopy. Only paramagnetic species are detected by EMR so that their signal is 

not overshadowed by the signal from the intact surroundings. On the other hand, the non-

paramagnetic radiation damage products are likewise not directly detectable by EMR 

techniques.  

In a strong magnetic field, the magnetic moment of the unpaired electron will 

experience a Zeeman effect, and quantize in states either “parallel” or “antiparallel” with the 

external field with different potential energy. By applying microwave radiation which 

matches the energy difference between the parallel and antiparallel states, transitions between 

the two can be induced. This is what is called the resonance criterion, and enables measuring 

magnetic moment of the unpaired electron.  

In addition to the Zeeman effect, there are hyperfine interactions between the unpaired 

electron and the magnetic moments of the surrounding nuclei. This complicates the EMR 

spectra, but also provides crucial information about the system. A thorough introduction to 

the EMR spectroscopy techniques and how these are used to gain information about 

molecular systems can be found elsewhere6, 55. Below follow some aspects which are 

generally considered the most important when comparing the experimental evidence to the 

DFT calculations are described, the theory is extracted from the references above. 

The g-tensor 

The magnitude of the magnetic moment of the electron is determined by its g-factor. 

The g-factor for a free electron it is approximately 2.0023. The g-factor of a radical, however, 

is anisotropic because of the anisotropy of the radical itself and also its asymmetric 

environment, and the anisotropic g-factor is represented mathematically as a tensor. The 

tensor is usually presented as a set of three principal values (eigenvalues) with corresponding 
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The hfcs are usually divided into isotropic- and an anisotropic components. The 

isotropic hfc is determined by the unpaired spin density at the position of the nucleus, whereas 

the anisotropic hfc is an electron-nuclear dipole-dipole interaction.  

By using single crystal samples, see Figure 5, the molecules are oriented in an ordered 

fashion, which is known from X-ray or neutron diffraction, so that the full g- and hfc tensors 

with correct directional behavior can be determined relative to the geometry of the intact 

molecule. This information is then used to infer the position of the radical center and the 

geometry of the radical. Using some crystals grown from D2O solutions enables separation of 

the signal due to nitrogen- and oxygen bound hydrogens (which are easily exchangeable to 

deuterium) from that of the carbon-bound hydrogens. A suggested radical structure may be 

used as input for DFT calculations which are compared to the experimental evidence. How 

the DFT calculations are performed will be the topic of chapter 3. 

 

 

The -protons have relatively large isotropic hfcs which originate from two different 

mechanisms. Spin-exchange will cause spin polarization of the C-H bond, resulting in a 

negative spin density at the proton if it is located in the nodal plane of a -orbital containing 

the unpaired electron. Direct overlap of the spin density and the nucleus gives rise to a 

positive hfc if the unpaired electron occupies an sp hybrid orbital. This makes the isotropic 

hfc for -protons sensitive to bending of the radical center. This sensitivity is so high that the 

isotropic value may vary by several hundred percent and change sign depending on the bond 

angle56.  

 
Figure 5: Single crystals of -L-rhamnose mounted on copper posts for EMR experiments. 
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The anisotropic hfcs for -protons provide insight into the location of the radical 

center: the largest positive value is encountered when the magnetic field is oriented along the 

direction between the nucleus and the radical center. A (close to) zero value is seen when the 

magnetic field is oriented along the orbital of the unpaired electron.  

For -protons, the isotropic hfc may be very small or even greater than that of -

protons, and it is mainly determined by the direct overlap of the unpaired electron spin density 

with the nucleus. The magnitude of the isotropic -coupling is thus indicative of the proton’s 

position relative to the nodal plane of the unpaired electron orbital. For -protons, the 

anisotropic hfc gives rise to a characteristic axially symmetric hfc tensor. The largest 

anisotropic value occurs when the magnetic field is parallel to the direction between the 

radical center and the proton in question. The size of the anisotropic coupling is also a good 

indication of the distance between the radical center and the nucleus as the magnitude is 

inversely proportional to the cube of the inter-spin distance. 

EPR, ENDOR and EIE 

The EMR techniques used to obtain the experimental evidence used for comparison in 

this thesis are continuous wave electron paramagnetic resonance (EPR), electron nuclear 

double resonance (ENDOR) and ENDOR induced EPR (EIE). EPR provides a resultant signal 

of all magnetic interactions in all radical species present in the sample and the spectra are 

often very complex with a plethora of lines. Some order is caused by the difference in g-

factors. Radicals with high g-factor, such as alkoxy radicals, have resonances mostly at low 

magnetic fields, while radicals with low g-factors, such as IMTE’s, have resonances at higher 

magnetic fields. At X-band frequencies (~10 GHz), as is used in the papers presented in this 

thesis, the radical separation in the EPR spectra is relatively small. By performing 

experiments using higher microwave frequency, the radicals with differing g-factors will be 

more separated in EPR spectra. 

ENDOR experiments show two resonance lines for each hfc, enabling hfc tensor 

determination. In cases where the EPR signals for the different radicals are well separated, it 

is possible to determine from the ENDOR data which hfcs belong to the same or different 

radicals. Mainly - and -proton couplings are detected as they are the largest, but in the case 

of alkoxy radicals, even - and -couplings may be large enough for detection28. 

EIE spectra are obtained from the ENDOR resonance of one given hfc. The spectra 

have similarities to EPR absorption spectra, but have the additional advantage that they 
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display signal from only one radical. This makes EIE analyses the preferable way for 

determining g-tensors when there is more than one radical in the sample. EIE spectra also 

enable determination of which hfcs belong to the same radical and reveal whether there are 

additional (significant) hfcs which were not detected by ENDOR. 

Comparing DFT- and experimental data 

For the systems studied in this thesis, some of the previously published experimental 

data is from before ENDOR and EIE techniques had become commonly available. In the case 

of rhamnose, there was no literature containing EIE results before paper III of this thesis, the 

available g-tensors are determined from EPR spectra alone. Of the determined hfc tensors, 

some are determined from EPR and some from ENDOR spectra. In the case of asparagine, 

only the papers included in this thesis contain EIE investigations. The asparagine hfc tensors 

considered were derived from ENDOR spectra. It is important to keep track of how the 

experimental data were collected when comparing to theoretical results in order to know when 

to dismiss the computational results and when it is possible that the experimental data may 

have been misinterpreted. Determining tensors from EPR spectra is for instance far less 

reliable than determining them from ENDOR and EIE. 

The overall sign of the hfc tensor is not determined in the experiments. This must be 

kept in mind when comparing measured values to the values determined from DFT 

calculations, which do include the signs. The sign of the hfc is particularly important when 

inferring the bending of radical sites using -proton hfcs. 

Care must also be taken when DFT results are compared to the experimental EMR 

parameters which may be subject to a Schonland ambiguity57, 58. The origin of this ambiguity 

is that with only the minimal amount of data required for determination of g- and hfc tensors, 

two distinct tensors may be derived, only one of them is the physical tensor. DFT calculated 

tensors may reveal which Schonland conjugate is the correct one. It is important to consider 

this when DFT results are compared to tensors found in the literature, in case the wrong 

Schonland conjugate was reported there. 

2.2 Detecting gas production 
Non-paramagnetic species can be formed if the radiation does not cause ionization, but 

still deposits enough energy at a site for molecular rearrangement to take place. Alternatively, 



12 
 

non-paramagnetic species can be formed through secondary processes subsequent to an 

ionization event, where the paramagnetic center is transferred to another molecule. These 

non-paramagnetic species are not detected by EMR spectroscopy, but emitted gaseous 

products can be detected.  

It is well known that different gaseous products such as H2 and CO2 are formed when 

carbohydrates and amino acids are irradiated59-64. The yields of these products can be 

measured by irradiating the sample in closed evacuated containers from which the gas can be 

extracted and examined by combining gas chromatography and mass spectrometry. When 

these gas products are formed, there must be some molecules left in the sample, paramagnetic 

or not, which are missing these parts. Therefore these gases offer some insight into the 

radiation chemistry which has taken place in the sample. 

CO2 production in irradiated amino acids is taken as an indication that there must be 

decarboxylation products54. Commonly observed paramagnetic species in both carbohydrates 

and amino acids are net hydrogen atom abstraction species, as will be discussed in section 4.2. 

The fact that hydrogen gas is produced is an indication that the abstracted hydrogen atoms are 

released into the crystal lattice rather than transferred to another molecule, at least to some 

degree. Isotopic labeling of the molecules before irradiation using deuterium or tritium 

provides information about which hydrogen abstraction reactions are involved in the gas 

production because hydrogen gas molecules with different weight can be separated by mass 

spectrometry. 
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3 Modeling radiation damage 
Density functional theory (DFT)65, 66 is one of many available methods for modeling 

chemical compounds and calculating their properties. The method is in wide use because it is 

usually quite successful in describing the molecular systems at hand and at the same time is 

efficient. DFT attempts to find the electron density of a molecular system, and most 

commonly relies on the Kohn-Sham66 approach. In this approach the problem is solved for a 

fictitious system of non-interacting electrons that have the same electron density as the real 

system. The wave function can then be expressed as a single Slater determinant made up from 

what is called Kohn-Sham orbitals, from which the electron density is calculated.  

The calculations performed in this thesis are so-called unrestricted Kohn-Sham (UKS) 

calculations. This means that the Kohn-Sham orbitals for the two spin states of the electrons 

are not required to be identical, thus allowing for spin polarization. When calculating EMR 

parameters, it is necessary to allow for spin polarization, this is particularly important for the 

isotropic hfcs as was mentioned in section 2.1. The alternative to using UKS when performing 

calculations on systems with an uneven number of electrons is the restricted open-shell Kohn-

Sham (ROKS) approach, which does not allow for spin polarization. A general introduction to 

DFT can be found in textbooks on the subject67, 68. 

General approach 

The general approach for modeling radiation damage and answering the question of 

what radiation damage products are formed is illustrated in Figure 6. Based on experimental 

data, EMR properties for the radicals are extracted. As mentioned in section 2.1, these 

properties can be used to devise tentative radical models. DFT is then used to optimize the 

structures of these models and calculate their EMR properties for comparison with the 

experimental evidence. If there is a good agreement between the computed and the 

experimental data, then the radical structure may be accepted as the most likely origin of the 

experimental signal, whereas a poor agreement indicates that the suggested structure is not the 

correct one.  

If the structure is rejected, then a new radical model must be devised which differs 

either in chemical structure or is a different conformation of the same species. Alternatively 

the model space, in which the radical is placed, may be altered in case this influences the 
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method, only the valence electrons are treated explicitly, while the core electrons are modeled 

by use of a pseudo potential for the atomic nucleus, thus avoiding an explicit (and expensive) 

description of the rapidly varying electron density near the nuclei. In the GPW approach the 

Kohn-Sham orbitals are represented using Gaussian basis functions while the electron density 

is represented in a plane wave basis for computational efficiency. 

 Because the EMR parameters of radicals depend strongly on the core electrons as well 

as the valence electrons, the GPW approach is not useful for EMR parameter calculations. 

The Gaussian and Augmented Plane Wave (GAPW)72, 75 maintains the same dual basis set 

philosophy as in GPW but is more time consuming since it allows for the core electrons to be 

included explicitly in the calculations. This is done by describing the electron density near the 

atomic nuclei by Gaussian functions in addition to the plane wave basis.  

Ionization products 

 Primary radiation damage products are often charged, and an electron must either be 

added or subtracted from the intact crystal cell in order to model these products. This poses a 

challenge in crystal structure calculations because all molecules in the periodic unit are 

initially identical, and there is not one molecule for which the charge and spin is likely to 

localize. The initial calculated charge- and spin densities are therefore usually spread equally 

on all molecules in the periodic unit. This does not correspond to the physical radicals which 

are attempted modeled. A way to break the symmetry is by manually altering the geometry of 

one or more molecules in the periodic unit, such that the spin and charge may localize there. 

For this, the radical models inferred from the experimental evidence are useful. 

3.2 Geometries and reactions 

Geometry optimizations 

The simplest way of finding and assessing the stability of a radical structure is by 

performing a geometry optimization: a minimization of the potential energy. The potential 

energy as a function of the geometrical degrees of freedom is called a potential energy surface 

(PES), and a stable geometrical structure corresponds to a minimum on the PES. The 

calculations in this thesis are performed within the Born-Oppenheimer approximation, 

meaning that the atomic nuclei are treated as stationary charges, in the field of which the 
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electrons are allowed to relax. This is performed iteratively for several geometrical 

conformations of the nuclei. 

A PES almost always has multiple minima, corresponding to several stable 

conformations. The most stable geometry corresponds to the global minimum on the PES. 

Minimization algorithms seek this global minimum, but are usually only able to locate the 

nearest minimum. There is no guarantee that the global minimum will be found. Which 

minimum is found will in practice be strongly dependent on the chosen input geometry for the 

calculation. This also means that there is need for validation of all DFT optimized radical 

structures, which is done by calculating the EMR parameters and comparing with 

experimental evidence.  

Relative energies 

Generally, a PES minimum with lower energy corresponds to a more abundant 

structure than a minimum with higher potential energy. Even though there is only one global 

minimum for each charged state of the modeled periodic super cell, more than one reduction- 

and one oxidation product are observed in the experiments. At thermal equilibrium the 

relative abundance of different structures will follow a Boltzmann distribution. Relative 

energies of different stable structures are used to gain insight into the question of why certain 

radicals are formed over others. Another relevant question is how are they formed, the answer 

to which may also aid answering the question of why.  

Reaction paths 

A chemical reaction follows a minimum energy path (MEP) on the PES surface from 

one minimum to the next. The highest point along this path is called the transition state, and 

the energy difference between the stable geometry and the transition state is called the 

reaction barrier. A one-dimensional PES with a reaction barrier is illustrated in Figure 8. 

In order to answer the question of how radicals are formed, the reaction path and 

energy barrier must be found. The simplest approach might be to generate in-between 

structures by linear interpolation of the Cartesian coordinates between two stable structures. 

These may be used for performing single point calculations of the energy (without any 

geometry optimization) on the geometrical configurations along the path. This linear 

interpolation would almost definitely not lead to the MEP between the two states on the PES, 
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and therefore most likely overestimate the reaction barrier. Also, the there is no guarantee that 

the reaction path is effectively linear. 

Nudged elastic band 

A better approach than what is suggested above is what is known as the nudged elastic 

band (NEB) method76-80. The MEP describes a trajectory between the two states on the PES 

along which all forces are zero except the force along the path. The NEB method seeks the 

discretized MEP by use of intermediate states between the two stable geometries, called 

images or replicas. The replicas are connected via artificial harmonic springs. The linear 

interpolation in Cartesian coordinates mentioned above may be used as input images for NEB 

calculations.  

The two end points of the NEB replica chain are usually held stationary while the 

images in between are iteratively moved towards the MEP. NEB is therefore quite resource 

demanding as there is a series of interconnected geometry optimizations, where the spring 

forces keep the replicas distributed along the path. The NEB image with the highest potential 

energy could be interpreted as the transition state, but as the images are discretely spaced 

along the path, this is likely to be an underestimation of the true energy barrier. The climbing 

image NEB (CI-NEB) method is a small modification of the NEB procedure in which the 

highest energy image is moved towards the saddle point along the elastic band, thereby 

locating the reaction barrier. In Figure 8 a reaction energy profile from a potential NEB 

calculation is illustrated in red relative to the real reaction energy profile in black. If the CI-

NEB approach would be applied, there would be a NEB replica at the transition state. 



 

Molecu

T

zero, an

systems

sample.

system: 

equation

(the gr

accordin

molecul

and tran

A

energy, 

between

will intr

shorter 

steps of

T

their ki

Figure 8
coordina
black, N

ular dynam

The method

nd additiona

s, there is a

 In molecul

 the atomi

ns of motio

radients of 

ngly at eac

lar system a

nsform as th

Ab initio M

are compu

n the feasib

roduce inac

time span o

f 1 fs are com

The temper

netic energ

8: Illustratio
ate and what 

NEB replicas 

mics 

ds described

ally zero poi

always a fin

lar dynamic

ic nuclei a

on, which ar

the poten

h time step

as time pass

he molecule

MD simulati

utationally 

ble time spa

ccuracies in

of the simu

mmon for a

rature of the

gy. Thus a 

on of a one
a simulated 
are illustrate

d above all a

int vibration

nite tempera

cs (MD) sim

re given in

re solved ite

ntial energy

p. By this a

ses, and in p

es move abo

ons, that is

very expen

an and the l

n the calcu

lations at th

ab initio DF

e system is c

system wit

e-dimensiona
NEB traject

ed as black d

assume that

ns of the ato

ature and c

mulations ti

nitial veloc

eratively in

y) are calc

approach it 

principle it 

out on the PE

MD simul

nsive for e

length of tim

ulations, wh

he same num

FT. 

connected t

th a consta

al potential 
tory might lo
dots and NEB

t the temper

omic nuclei

correspondin

ime and tem

cities and a

discretized

culated and

is possible 

should be p

ES. 

ations using

ach time s

me step. If 

hereas a too

mber of ste

to the motio

ant energy, 

energy surf
ook like. The 
B trajectory a

rature of the

i are neglect

ng motion o

mperature ar

are then su

time. The f

d the atom

to follow t

possible to w

g the DFT-c

tep. There 

the time st

o short time

eps (comput

on of the ato

which wil

face along a
true reaction

as red dashed

e system is 

ted. In real 

of the atom

re introduce

ubject to N

forces on th

ms are acc

the movem

watch radic

calculated p

will be a 

tep is too lo

e step allow

tational cos

omic nuclei

ll oscillate 

 
a particular 
n path is illu
d line. 

19 

absolute 

physical 

ms in the 

ed to the 

Newton’s 

he nuclei 

celerated 

ment of a 

cals form 

potential 

tradeoff 

ong, this 

ws for a 

st). Time 

 through 

between 

reaction 
ustrated in 



20 
 

kinetic and potential energy as the molecule moves on the PES is subject to temperature 

fluctuations. This is what is known as an NVE ensemble, a system with constant number of 

particles, volume and energy. An NVT ensemble has a constant temperature and is a more 

realistic representation of the experimental situation. In order to achieve this, a thermostat 

must be introduced in the system through which the kinetic energy is exchanged with a 

reservoir. The very simplest thermostats rescale all velocities according to the desired 

temperatures. 

Radical generation by MD 

In paper II of this thesis, MD simulations were used to sample physically allowed 

regions on the PES in search of radical structures.  As was mentioned in the previous sections 

of this chapter, the stable geometries found by geometry optimization algorithms are strongly 

dependent on the input geometries. It is desirable that the DFT calculations should be able to 

produce the correct radical structures by themselves, without requiring that the scientist 

knows approximately what they should be beforehand.  

The general idea is that an MD simulation will sample regions on the PES that are 

accessible for the physical system with the thermal energy available at a certain temperature. 

This can be done by MD simulations where firstly the PES of the intact crystal is sampled, 

and then the different conformations from that sampling are used as input for radical 

calculations on charged crystal cells. These different conformations can then be subject to 

separate MD simulations, and radical formation can be examined. It is possible to follow the 

unpaired electron in the system by performing Mulliken spin analysis at each time step, and 

plotting this as a function of time and atomic number in the periodic unit cell, an example is 

shown in Figure 9.  

This figure shows a chemical reaction where an initial ionization (reduction) has taken 

place leading to the ejection of a hydrogen atom. This atom moves a small distance in the 

crystal before abstracting another hydrogen atom from a neighboring molecule, forming an H2 

molecule and transferring the radical property to the carbon atom from which the second 

hydrogen atom was abstracted. 
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Figure 9: Plot of Mulliken spin density as function of molecular dynamics step number (time) and 
atom number in the periodic unit cell. Initially, the spin is localized at hydrogen atom number 203 
until approximately step number 1000 when spin is transferred to carbon atom 369 by hydrogen atom 
abstraction and H2 molecule formation. 

3.3 EMR parameters 
Once the geometry and electron- and spin densities of a radical are known, the EMR 

parameters can be calculated. In the work presented in this thesis, geometry optimizations 

were usually first performed at the GPW level of theory. Final geometry optimizations 

starting from the GPW optimized geometry were then made at the GAPW level of theory 

before EMR properties were calculated. This combination of GPW and GAPW enables 

efficient calculation of radical structures and their corresponding sets of EMR properties.  

g-tensor 

The g-tensor calculations require the use of second order perturbation theory and are 

quite resource demanding81. g-tensor calculations are relatively insensitive to basis set and 

functionals used82, 83. The BLYP84, 85 functional is known to provide good estimates of g-

tensors in the CP2K implementation15, 18, 86. Because g-tensors are computationally 

demanding as well as difficult to extract experimentally, they were not in focus in this thesis 

work. 
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Hyperfine coupling tensor 

The hfcs presented in the present thesis have been calculated from the GAPW ground 

state electron density87, and their computation is relatively cheap compared to the g-tensor. 

Still, the isotropic component is often difficult to calculate accurately88. The hfcs are sensitive 

both to the geometrical conformation of the radical as well as influence from the surrounding 

molecules both directly and via the geometrical restraints imposed by these16, 25, 71, 89. Because 

both the core- and valence electrons contribute to the hfc, a good basis set is required88. The 

functional will also influence the hfcs, at least GGA functionals are needed in order to get 

acceptable isotropic hfcs88.  

The anisotropic components of the hfcs are less sensitive to the computational 

approach, and a level of theory that yields good isotropic components will be good enough for 

the anisotropic ones as well88.  However, studies have shown that also environmental effects 

are important when it comes to these hfc components19, 70, 71, 89, especially when the radical 

site is involved in hydrogen bonds 19, 71.  

In the approach used for calculating hfcs in the papers included in this thesis, a triple-  

Gaussian basis set and the BLYP functional are employed. The crystal is always modeled 

using PBC. A similar approach has been found to provide good results also for other model 

systems15, 16, 18, 86.  

As mentioned before, the isotropic hfc is highly sensitive to both geometry of the 

radical as well as the level of theory of the computations. When comparing results from DFT 

calculations with experimental evidence, the anisotropic hfcs (including principal directions) 

are therefore often a much more reliable measure16. 
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4 Understanding radiation damage 

4.1 On radical species and their origin 

Radiation selectivity 

The first question when investigating radiation damage is the question of what 

damages are produced by the radiation. Because ionizations are stochastic and the probability 

is related to the electron density, it is natural to assume that a plethora of radicals will be 

formed upon irradiation of a substance. This is true in the sense that experimental evidence 

concludes that more than one oxidation and one reduction species are formed upon irradiation 

of most substances6, 21-24, 90. Still, the experimental evidence is proof of a high level of 

radiation specificity91, only certain products are trapped and observed. 

The trapped primary radiation products are often results of net hydrogen atom 

abstraction or addition6, 21-24, 33, which are selectively formed at some of the available 

positions in the irradiated molecules. Understanding the mechanisms behind this somewhat 

surprising selectivity is of great interest. It may enable understanding of processes in larger 

and more complex systems. Characterization and understanding of the primary products is 

also important as these are precursors of the stable products, and the primary selectivity may 

influence which stable molecules are formed at room-temperature. 

Unexplained experimental evidence and researchers’ bias 

The experimentally determined EMR parameters from single crystal studies provide 

useful information about radical structure and geometry. Based on knowledge about the 

molecular structure of the intact system and information about which radicals are commonly 

produced in similar systems, the radical structures can be deduced from the directional 

dependencies of the tensors. In cases where large rearrangements of the atoms have taken 

place, elaborate DFT analyses may be needed for radical identification.  

In order to generate different radical species using DFT, different initial geometries 

and constraints are imposed by the researcher. Although DFT calculations enable 

investigation of a large number of radical structures, there are cases where a structure that 
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satisfyingly reproduces the experimental evidence has not yet been found6. This could 

possibly be a failure of DFT to describe these structures and their EMR properties properly, 

but another likely reason is that the correct structure has yet to be modeled.  

It should be kept in mind that the data interpretation and modeling of structures is 

influenced by the researcher’s bias towards what structures he/she expects and/or is familiar 

with. This can most likely never be completely avoided. Thus, the researcher’s knowledge, 

experience and imagination will limit the possibilities for identifying radical structures. 

Proton transfers and radical stabilization 

The matter of how and why the specific radiation damages occur boils down to 

following chemical reactions from the primary charged radicals to the stable radicals. 

Experimentally, the investigation of how radicals are formed requires cooling down the 

sample so that the chemical reactions are slowed down, and can be followed as the 

temperature is increased in a controlled fashion.  

The primary charged oxidation and reduction products are usually not reported 

observed in experiments even at liquid helium temperatures. The observed species, especially 

at low-temperatures, are often results of net hydrogen addition or –abstraction6. This may in 

principle occur either by protonation of a negatively charged radical or hydrogen anion 

addition to a positively charged radical. Likewise they may occur by deprotonation from a 

radical cation, or hydrogen anion expulsion from an anionic radical. Alternatively they may 

be formed by hydrogen atom addition to- or abstraction from a diamagnetic species.  

The specificity of radical production can be caused by several conditions: initial 

formation, spin migration to the deepest trap or differential recombination91. In principle, it is 

likely that spin will migrate towards sites in the molecules with higher electron affinity 

(electrons) or lower ionization potentials (holes)92. Still, this does not explain the lack of 

observation of charged radical species even at low-temperatures.  

In molecular systems with hydrogen bonds to neighboring molecules, it is likely that 

protons are transferred away from oxidation sites or towards reduction sites along these 

bonds, thereby separating charge and spin. The driving force for these proton transfers are 

expected to be basically coulombic due to a disturbance of the electrostatic balance in the 

hydrogen bonds. Such charge – spin separation mechanisms are illustrated in Figure 10.  

A positively charged radical expels a proton along a hydrogen bond which is part of an 

infinitely long hydrogen bond chain between hydroxyl groups. A negatively charged radical 
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not known whether the electrons are trapped at preexisting trap sites or at sites that are formed 

by the electrons themselves. The existence of pre-existing trap is supported by the fact that 

IMTEs have only been observed at one position in each system. But it is still believed that 

some rearrangement of the hydroxyl groups near the electron trap site takes place98. The 

IMTEs decay upon thermal annealing and optical bleaching6, 97, 98, often with different decay 

products for the two approaches6.  

At low-temperatures, the most common radicals are the neutral C-centered 

hydroxyalkyl products, formed by net H-atom abstraction. Some hydroxyalkyl radicals are 

stable, while others go through H-atom transfers where the hydrogen shifts to a new carbon 

atom, or -OH elimination forming carbonyl groups while shedding a water molecule to the 

crystal lattice. In fructose crystals, a ring opened species has been identified99. 

Although much is known about the radiation chemistry of carbohydrates, many 

radicals have been detected by EMR for which the chemical structures are still not known 

with certainty. At low-temperatures, the main reason for this seems to be lack of experimental 

evidence to be used for structure determination. But at 80 K and higher temperatures, well 

characterized radicals are reported for which it has (so far) not been possible to find a 

structure to match the experimental evidence. 

Previous work on rhamnose 

Only one oxidation product has been reported observed in -L-rhamnose crystals, the 

O4-centered alkoxy radical. This radical was first characterized in 1980 by Samskog and 

Lund31 after -irradiation and EPR measurements at 77 K by a g-tensor and reference to two 

isotropic hfcs. In 1985 the O4-centered alkoxy radical was reported by Budzinski and Box 

after X-irradiation and EPR/ENDOR measurements at 4.2 K28. Surprisingly, the g- and hfc 

tensors reported in the latter study deviate significantly from those reported earlier. This 

discrepancy has been thoroughly investigated by Pauwels et al. using DFT calculations19, 25, 26 

and was found to be caused by a reorientation of a neighboring molecule19 which most likely 

takes place upon warming from 4 to 77 K.  

The formation mechanism of the alkoxy species is proton transfer from O4 across a 

hydrogen bond which is the start of a series of charge transfers along an infinite hydrogen 

bond chain in the crystal. In my master thesis I attempted to understand the selectivity which 

causes only the O4-centered alkoxy radical formation by use of constrained geometry 

optimizations in periodic- and cluster approaches35. I found that none of the four hydroxyl 
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groups will deprotonate spontaneously from the ground state, and I was also unsuccessful in 

finding an explanation for the selectivity in the excited states of the system. It was concluded 

in that study that deprotonation from O3 is not stable. Out of the other three possibilities, O4 

is the site exhibiting the lowest reaction barrier and most stable end product. 

The previously reported primary reduction product observed in rhamnose is the IMTE. 

This was first reported by Budzinski et al. in 197929, but has since been reported by several 

other groups both from EMR27, 30, 32, 33, 100- and pulse radiolysis optical studies32, 34. Hfcs of 

three exchangeable27, 29 and three non-exchangeable proton hfcs27 have been determined by 

ENDOR spectroscopy at 4.2 K, these are reproduced in Table B.1 in Appendix B. The IMTE 

decays upon thermal annealing to 77 K or exposure to visible light27, 29, 30, 32, 33. The thermal 

decay occurs at lower temperatures in non-deuterated crystals32. Optical absorption 

spectroscopy has shown that the absorption peak is at approximately 400 - 500 nm32, 34. 

A product tentatively assigned to a C5-centered radical was also observed upon 

irradiation at 65 K and at room-temperature, although the signal decays relatively fast at 

room-temperature33. A C2-centered hydroxyalkyl radical has been observed and characterized 

by EPR and ENDOR spectroscopy after X-irradiation at room-temperature by Sagstuen et 

al.33. This radical was suggested by the authors to be a product of thermal decay of the IMTE, 

as has also been observed by other authors32. 

The C3-centered hydroxy alkyl radical has been reported in several papers30, 32, 33. The 

g-tensor has been determined by EPR spectroscopy30 and one hfc has been determined by 

ENDOR at 110 K after photo bleaching of the sample33.  The C3-centered hydroxyalkyl 

radical is proposed to be a decay product of the IMTE by photo bleaching30, 33 and thermal 

annealing32.  

The mentioned carbon-centered- and alkoxy radical species have all been convincingly 

confirmed by DFT calculations by Pauwels et al.25. Other, non-characterized products have 

also been reported from experimental investigations29, 32, 33. Two different approaches have 

been applied for determination of the IMTE trap site based on its hfc tensors27, 30, and several 

mechanisms for the thermal and optical decay have been proposed and discussed. To this day, 

it has not been possible to confirm or disprove any of them. 

Amino acids 

Previous studies on the smallest amino acids, glycine and alanine, have provided 

insight into the radiation chemistry of the back-bone of the amino acids, and this extensive 
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work has been reviewed by Sagstuen et al.90. In both of these amino acids, the primary 

oxidation product is assumed to be the carboxyl radical cation, which spontaneously 

deprotonates from the amino group forming a neutral radical centered at the carboxyl or 

amino group. Upon thermal annealing these radicals may evolve in two directions. One 

alternative is deprotonation from the central carbon, only to be followed by protonation at the 

carboxyl group. Another alternative is decarboxylation, in which case the radical abstracts a 

hydrogen atom from a neighboring molecule which forms a stable radical centered on the 

central carbon atom. 

 The starting point of the reductive pathway is the carboxyl anion radical which in the 

case of alanine rapidly protonates at one of the oxygen atoms. This (protonated) carboxyl 

anion deaminates. In the case of alanine the deamination is concomitant with a deprotonation 

from the oxygen. Only when an additional proton attaches to the detached amino group, 

producing an NH4
+ cation and rendering the site charge neutral, is the stable alanine radical 

obtained. The precise structure and the relatively complicated reaction path for the formation 

of the stable alanine radical were recently established by NEB simulations by Pauwels et al.18.  

In the case of glycine the deamination product abstracts a hydrogen atom from a neighboring 

glycine forming the same carbon-centered radical as is observed in the oxidation pathway. 

The same type of backbone radicals as is observed for these two small amino acids are 

expected also for the more complicated ones. Glutamine, lysine and arginine have amino-

containing side chains similar to that found in asparagine. Lysine and arginine have been 

investigated by EMR and DFT techniques by other authors21-24, 101-103, though it should be 

noted that the DFT analyses reported are subject to manual constraints on the radical 

geometries due to the inability to model the environment of the radical explicitly21-24, 103. 

Many of the same radicals as those seen for the smaller amino acids are observed, but 

additional species formed by hydrogen abstraction from the side chain and radicals related to 

the nitrogen containing part of the side chains are found in both amino acids21-24, 101-103. A side 

chain deamination radical has been suggested in lysine22, and a radical centered on the carbon 

of the guanidyl group has been reported in arginine23. 

Previous work on asparagine 

In 1970 Sevilla reported of reduction products in asparagine, investigated by EPR53. At 77 

K, UV-photolyzed alkaline glass containing asparagine was IR-photo bleached to release 

hydrated electrons, after which two asparagine reduction radical species were observed. At 77 
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K a product believed to be an anion in the amide group was reported, and upon heating to 190 

K the spectrum was reported to transform into a spectrum proposed caused by an -carbon H-

abstraction product or a glycine-type radical.  

 In 1977, Close et al. reported a single crystal study by EPR and ENDOR at room-

temperature48 in which the main radical was a product of net H-atom abstraction from C3 and 

at least one other unidentified radical. Another single crystal study on L-asparagine came in 

1984 from Moulton and Coleman, reporting three radiation-induced radicals at 77 K51. Eight 

hfc tensors and one g-tensor were reported in that study based on EPR and ENDOR analyses. 

This was interpreted as a carboxyl-centered anion radical, a decarboxylation product and an 

amide anion species. The same species were also reported at 4 K in the Ph.D. thesis of 

Coleman, along with signs of an additional (unidentified) radical present at 77 K and a 

deamination product observed after annealing to 150 K, surviving to room-temperature49. 

 As asparagine was visited again by Strzelczak et al. in 2007, four radicals were 

reported by EPR measurements on powder samples from 77 K to room-temperature as well as 

DFT calculations54. The DFT calculations performed in that study were single molecule 

calculations. As the experimental evidence is from powder spectra, only isotropic hfcs were 

reported, all of which are about 20 MHz. The authors of that study conclude that the amide 

anion radical reported by Sevilla53 is seen at 77 K and that by heating the sample to 160 K the 

hydrogen abstraction radical reported by Close et al.48 appears, before the spectrum changes 

again at 250 K to that of a decarboxylation product. At room-temperature a side chain 

deamidation product is reported. The DFT calculations presented in the paper indicate that the 

low-temperature anion radical should dehydrogenate spontaneously from the amine group, 

and that the decarboxylation should occur spontaneously. Still, neither an H-atom radical nor 

a decarboxylation product were observed at low-temperatures. On the other hand, CO2 gas 

formation was measured after irradiation at room-temperature, confirming that 

decarboxylation takes place at some stage. 

 In 2008 Knudtsen performed a room-temperature investigation of radiation damage to 

L-asparagine in her master thesis, where three radicals were characterized and more radicals 

were reported present50. The hydrogen abstraction radical previously reported by Close et al.48 

was established as well as a product of hydrogen abstraction from the -carbon, as was 

already suggested by Sevilla53. Additionally one radical was characterized for which the 

structure could not be determined. In that work single molecule- and cluster DFT calculations 

and computation of hfc tensors were used for structure verification. 
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Proposed decay mechanisms for the trapped electron 

The electron decay process in rhamnose produces hydroxy alkyl radicals33. Different 

mechanisms have been suggested for these processes by Samskog et al.32, in Figure 11 they 

are illustrated with deuterons at the exchangeable proton sites for clarity. Reactions 2 and 3 

both lead to hydrogen gas formation with one exchangeable and one non-exchangeable 

hydrogen atom. Reaction (3.1) is the accepted alkoxy radical formation mechanism from the 

primary oxidation product and reaction (2.1) is an accepted mechanism for the decay of 

solvated electrons in liquid alcohols.  

So far there is no evidence in favor of reaction 1, as the intermediate (1.1) is expected to 

be stable at low-temperature, but has not been observed. Reaction 2 has gained recognition in 

the literature6, 33. 

 

 
Figure 11: Decay mechanisms for the IMTE as suggested by Samskog et al.32. 

Hydrogen gas formation 

A known effect of irradiation on both carbohydrate and amino acid systems is the 

formation of hydrogen and carbon dioxide gas54, 59-64. To understand fully the mechanisms of 

radiation damage, processes which include the formation of these species must be taken into 

account. It is not obvious that the residues from this production are paramagnetic species, but 

it is still likely that at least some of the precursors for these residues are paramagnetic. An 

investigation of partially deuterated samples of glucose, sucrose and trehalose showed that 
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only 2-4% of the hydrogen gas formed contained deuterium60. This indicates that 

exchangeable hydrogen atoms are not the ones which form hydrogen gas, which should be 

taken into account when deriving possible reaction mechanisms. The suggested IMTE decay 

mechanisms suggested by Samskog et al.32 all include formation of hydrogen molecules 

containing one exchangeable and one non-exchangeable hydrogen atom. 

4.3 Goals for this thesis work 
The already available information on the -L-rhamnose system renders a number of 

interesting questions for investigation. The selective formation of only one oxidation product, 

the O4-centered alkoxy radical, is somewhat surprising, and remains unexplained. A goal of 

this thesis has therefore been to understand this selectivity. The other most interesting 

question is maybe the IMTE and the mechanisms behind its transformation into the 

hydroxyalkyl species. A third question is that of the unidentified radical species whose signals 

are too weak for their structure determination. It is possible that DFT modeling can provide 

information about mechanisms and radical structures to aid in their identification. 

The results related above for L-asparagine leave many questions about its radiation 

chemistry. As only the studies of Close et al.48, Moulton and Coleman51  and Knudtsen50 are 

single crystals investigations and only the study of Knudtsen includes DFT calculations of hfc 

tensors for comparison, most of the radical assignments must therefore be considered 

tentative. Therefore the primary issue for this system is a systematic investigation of what 

radicals are present at different temperatures, and then the question of their reaction 

mechanisms. 

The results and discussion parts of this thesis is focused on the role of DFT in 

answering the questions of what radicals are produced, how they are produced and why these 

in particular are produced in the two model systems rhamnose and asparagine. 
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5 Summary of results 

5.1 Paper I – Radical selectivity 
The topic of paper I is the selective oxidation product formation in single crystals of -

L-rhamnose. The O4-centered alkoxy radical is the only reported oxidation product in 

rhamnose28, 31. It has been convincingly argued that this radical is formed by deprotonation of 

the primary cation radical (not observed) along one of the infinite hydrogen bond chains in the 

crystal structure19. The question of why deprotonation only occurs at O4 and not at any of the 

other hydroxyl groups in the crystal has remained unanswered35. Seeking to answer this 

question, the crystal structure was reinvestigated with DFT, and potential energy curves for 

the formation of the three alkoxy radicals possible in this compound were calculated using the 

NEB method. EMR properties were calculated for the different alkoxy radicals, confirming 

that it really is the O4-centered species which has been observed in the experiments. 

Deprotonation from O3 was not considered as it was previously found that the deprotonation 

reaction from this site is not stable35.  

The different reaction pathways are illustrated in Figure 12. Deprotonation from O4 

follows the b-direction hydrogen bond chain in the crystal while deprotonation from the O2 

position initially follows the c-direction chain, but upon reaching the water molecule switches 

to the b-direction chain. The O1 deprotonation also starts off in the c-direction chain, but it 

was not established whether this will continue or turn at the water molecule. All in all, the 

results obtained point to the b-direction chain as being the better proton conductor. The 

suggested explanation for this is that the hydrogen bond leading protons away from the water 

molecule is shorter and straighter in the b-direction. 

The potential energy curves for the radical formation processes show that the three 

pathways are all endothermic, with reaction barriers of 60-90 kJ mol-1. Deprotonation from 

O4 has the lowest reaction barrier and the most stable end product, while O1 deprotonation 

stands out as the least favorable. There are very little differences in reaction barriers and end 

product energies between O2- and O4 deprotonation. The differences found were still 

sufficiently large that the population difference of these two species at 4 or 77 K would be 

such that the O2 alkoxy radical should not be observable. 
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5.2 Paper II – Radical diversity and formation 
mechanisms 

Method and radicals produced 

 Paper II presents a method that lets the computers, using ab initio MD, generate 

radical species for further investigation. Single crystals of -L-rhamnose are in this case used 

as a model system for method development, since the structure of the reported radiation-

induced radicals in this system are already fairly well understood. The general approach was 

to perform MD simulations with different sets of input molecular geometries and atomic 

velocities for periodic unit cells containing an excess electron or an electron hole. The idea 

being that these would evolve differently in time, producing different radical structures, but 

only structures that are physically possible, as described in section 3.2. It was found that this 

use of MD triggers discussions on new radical species as well as formation mechanisms.  

 A total of 160 MD simulations were performed on positively and negatively charged 

systems, where radicals were produced in 67 instances. Among these 67 were 12 unique 

products. The three types of reduction products were dehydroxylation- and hydroxyalkyl 

radicals as well as radicals formed by ring opening at either side of the ring oxygen. All four 

alkoxy radicals were produced upon oxidation, which is surprising since the O3-centered 

alkoxy had previously been dismissed. In addition, a ring-opened alkoxy product was formed. 

3 of the radicals correspond to previously reported radicals: C3-centered hydroxyalkyl-, C5-

centered hydroxyalkyl- and O4-centered alkoxy radicals. The experimentally reported C2-

centered hydroxyalkyl species was not reproduced in the simulations. However, two other 

species of the same kind were observed. Therefore the missing radical is considered 

incidental. 

 Since it is not trivial to obtain localization of charge and spin in an initially symmetric 

periodic unit cell, the starting points in the MD simulations had a spread out charge and spin 

density. Only after a while did the charge and spin localize, concomitant with a temporary 

increase in temperature. During this period of higher temperature, geometrical alterations of 

the molecular structures took place, such as ring openings, dehydroxylations and extensive 

proton transfers along the hydrogen bond networks in the crystal. Some of these geometrical 

rearrangements produced radicals that have never been reported observed, while other 

produced established products. Therefore, simulations themselves cannot be regarded as 
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sufficient for validation of structures, comparison with experiment is required. Common for 

all radicals was that there had to be a separation of charge and spin in order to obtain stable 

structures. 

Reaction mechanisms 

 In addition to radical structures, the simulations also provide insight into the formation 

and stabilization mechanism for the different radicals. The hydrogen bond chains act as 

charge conductors both in the case of oxidation and reduction events. In the case of oxidation 

events, the positive charge is separated from the radical by transfer of protons along the 

hydrogen bond chains. The charge – spin separation is also achieved similarly during the 

reductive processes by transporting protons towards the reduction site, thereby transporting 

the negative charge away. Only the charge transport away from oxidation sites has been 

identified in rhamnose before19. 

 In the case of the reduction products, all instances of experimentally observed 

products came with the production of hydrogen gas molecules.  The reaction mechanism is 

illustrated in Figure 13. A hydrogen atom radical was expelled from a hydroxyl group which 

was simultaneously neutralized by absorption of a proton across a hydrogen bond. The 

hydrogen atom radical subsequently abstracted another hydrogen atom from a carbon atom of 

a neighboring molecule, thereby transferring the radical property to that carbon while forming 

a neutral hydrogen molecule inside the crystal. Such a formation mechanism has previously 

been proposed in rhamnose by Samskog et al.32, see Figure 11 in section 4.2, as a decay mode 

for the trapped electron but could also apply to thermal electrons which have not been 

trapped. If this is a correct formation mechanism for the reduction species, this means that the 

observed reduction products actually represent indirect radiation damages as the original 

ionizations took place at a different molecule. This is an interesting outcome of the 

calculations since hydrogen gas has been observed in other irradiated carbohydrates60-63  
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5.3 Paper III – Experimental confirmations 
Paper III in this thesis is mainly an experimental EMR re-investigation of the radiation 

primary chemistry of rhamnose at 6 K. X-band EPR, -ENDOR and -EIE spectroscopy were 

used to establish six primary radicals, the three most prominent being the IMTE, the O4-

centered alkoxy radical and the C3-centered hydroxyalkyl radical (in two conformations). The 

C5-centered radical formed by net hydrogen abstraction was also observed, along with what is 

most likely the C2-centered hydroxyalkyl species. It was in addition considered if also the 

C1-centered hydroxyalkyl radical was present at 6 K. Periodic DFT calculations on the 

carbon-centered radical species were performed, and the results from these do not deviate 

significantly from the previously available results based on cluster calculations25. 

The main results of this paper are the confirmations of the hfc tensors previously 

reported for the IMTE27 and for the O4-centered alkoxy radical28, as well as the establishment 

of both the C3- and C5-centered radical species as primary radiation products, including the 

confirmation of their DFT-predicted EMR properties. The results of this paper also support 

the previously suggested decay products of the IMTE upon bleaching with visible light at 

low-temperature and upon thermal annealing to be the C3- and C2-centered hydroxyalkyl 

species, respectively. 

Five out of the six hfcs reported by Box et al. for the IMTE27  were observed. The 

angular variation of ENDOR resonance lines detected from the IMTE are shown in Figure 14. 

The circles indicate measured values in the present experiments, the lines are the predicted 

variations based on the tensors. The solid lines are the predicted line variations based on the 

tensors derived in paper III, and the dotted lines are the predicted variations based on the 

tensors reported by Box et al.27. This confirmation of the hfc tensors implies that any model 

for the IMTE will be required to reproduce these data in order to be considered valid. 

For the C3-centered hydroxyalkyl product, the observed hfc tensors correspond 

excellently with those predicted by DFT calculations, also for the HC2 proton for which the 

hfc tensor had not been experimentally determined previously but a DFT-calculated hfc tensor 

has been available for quite some time25. For the C5-centered species, no hfc tensors could be 

determined in these experiments, but the couplings observed in the EPR and EIE spectra 

correspond perfectly with the values predicted by DFT calculations.  
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5.4 The elusive electron 
The IMTE in single crystals of rhamnose has been observed in several studies27, 29, 30, 

32, 33, including paper III of this thesis. The hyperfine interactions of this radical have been 

thoroughly characterized27 and the derived tensors have been used to search for possible 

positions of this trapped electron. Four different trap sites have been proposed in the 

literature27, 30. The hydroxyl groups surrounding the electron are expected to reorient as the 

electron is trapped. Therefore the trap sites suggested by Box et al.27 based on the principal 

directions of the hfc tensors of carbon bound protons, are considered the most reliable. Their 

first trap site is located at coordinates (in crystallographic units) 0.73, 0.47, 0.18 and the 

second trap site is located at 0.725, 0.156, 0.150. 

The electron trapping in carbohydrate crystals is expected to be somewhat, though not 

entirely, similar to that of electron solvation in water. To the best of my knowledge, DFT 

modeling of trapped electrons in solid-state carbohydrates is an obstacle that is yet to be 

overcome by any research group. Several studies of solvated electrons have been performed 

however, and it was therefore natural to consult these for ideas on how to model the IMTE in 

rhamnose. Self-interaction corrections (SIC) are usually applied in order to describe electron 

solvation in water104-106 for reliable results. So far, the use of SIC in the CP2K program is 

limited to ROKS calculations107. This means that the spin up and -down atomic orbitals must 

be equal, thereby removing the possibility for spin polarization and accurate isotropic hfc 

calculations. So in order to use this method to verify the location of the trapped electron inside 

the crystals, this obstacle must be overcome. 

Several attempts have been made to describe the IMTE in rhamnose by DFT in the 

course of this Ph.D. project without the use of SIC. Although the attempts have so far been 

unsuccessful, a summary of the approaches tried and progress made is presented below. 

Calculations were performed using the CP2K program69 on the crystallographic unit cell 

doubled in all directions (416 atoms), with one added electron. The BLYP84, 85 functional was 

used in an GAPW all-electron approach72, 75 with 6-311G**108 basis functions on hydrogen 

and 6-31G**109 basis functions on oxygen and carbon atoms. 

Aiming at Ghosts 

The most naive way to start the IMTE simulations might be to provide an extra 

electron to the system, and see where it localizes. As noted before, a symmetric crystal will 
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provide little chance of spin and charge localization, as was also the case. Even if the charge 

and spin would be able to localize they would not be expected to do so outside of the 

molecules. Atom-centered basis functions are used for the Kohn-Sham orbitals, and the 

electrons cannot localize in regions of space that are not covered by these. In order to allow 

for electron density to localize away from the atomic nuclei there must be basis functions 

covering that part of space sufficiently. One way of allowing for this is by deploying ghost 

atoms. Ghost atoms are atoms without a nuclear charge, but with a basis set which can be 

chosen to be the basis set of any atom. Several different atoms used as ghosts were placed at 

either of the two electron coordinates suggested in the literature27. Simply placing these 

ghosts there, however, did not suffice to localize the excess spin.  

An approach which led to successful localization of spin was manually pointing the 

hydrogens of the nearby hydroxyl groups towards the ghost atom. Single point calculations on 

these structures resulted in localized spin density in the volume where it was intended, and in 

most cases it was possible to use the obtained wave function as input for a geometry 

optimization without loss of the spin localization. It was found that which- and how many 

hydrogen atoms were pointed towards the ghost affected the number-, magnitudes- and 

overall shapes of the hfcs. None of the suggested electron trap sites stood out as a better 

candidate based on the computed hfc tensors, but both trap sites provided tensors with the 

same character as those reported for the IMTEs in experiments27. The experimentally 

determined tensors of Box  et al.27 are given in Table B.1 in Appendix B of this thesis.  

Ions  

Previous work on water-solvated electrons have applied negative ions in the initial 

calculations in order to make room for the electron, before removing the ion and inserting 

only an electron105. This approach was also attempted for rhamnose crystals. Hydrogen-, 

fluorine- and chlorine anions were inserted in the suggested electron traps, to investigate 

whether this would induce a reorientation of the hydroxyl groups and stabilize the trap. This 

was attempted for both trap sites suggested by Box et al.27. In all cases an initial geometry 

optimization was performed on the unit cell with charge -1 e and singlet spin multiplicity, 

with the atomic anion coordinates frozen. 

In the cases where hydrogen anions were used, the results of the initial geometry 

optimizations were that a proton in a nearby hydroxyl group deprotonated towards the anion 

and formed a neutral H2 molecule. With the anion located in the first trap site, an O3-bound 
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proton deprotonated, while the second trap site attracted an O1-bound proton. Due to the H2 

formation, the hydrogen anion approach was abandoned. 

In the case of fluorine and chlorine anions, the surrounding hydroxyl groups 

rearranged towards the anion, and no deprotonations took place. Subsequently single point 

calculations were performed on negatively charged cells and doublet spin multiplicity where 

the anions had been removed. In the case of fluorine, single point calculations were performed 

both with and without a fluorine ghost atom at the trap site, in the case of chlorine a chlorine 

ghost atom was inserted at the trap site. In all cases this resulted in localized spin density 

outside of the molecules, and it was seen for fluorine that the presence of the ghost did not 

influence the spin distribution or hfc tensors significantly. For the spin at the first trap site 

Mulliken analysis indicated some spin density on both of those O3- and O1-bound hydrogen 

atoms which deprotonated in the hydrogen anion simulations. For the second spin trap site, 

spin was only localized on the O1-bound hydrogen. None of the single point calculations 

provided hfc tensors in agreement with the experimental evidence. 

   

Subsequent geometry optimizations, without ghost atoms, resulted in delocalization of 

spin and restoration of the crystal structure in all cases except one. In the case originating 

from the chlorine anion placed at the second trap site, the geometry was optimized without 

loss of spin localization. This spin distribution is shown in Figure 15, and the corresponding 

hfc tensors are given in Table 1.  

 
Figure 15: Spin distribution for a model of the trapped electron in rhamnose. Calculated hfc tensors for 
this model are given in  
Table 1. Crystal axes are indicated as red, green and blue corresponding to a, b and c* directions. 
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The hydroxyl proton tensors display the correct characteristics, but they are not found 

to agree well with the experimentally determined tensors (given in Table B.1 in Appendix B). 

In particular, only two large hfc tensors are produced, while the experimental evidence is 

three large couplings. Whether the discrepancy between the DFT calculations mentioned in 

this thesis and the experimental data is due to mistaken geometry of the molecular atoms, 

wrong position of the spin center or wrong spin distribution is not possible to say at present.  

 

Table 1: Calculated hyperfine coupling tensors (in MHz) for spin distribution in Figure 15 as a model 
for the trapped electron. Only the hfc tensors with at least one principal value >3 MHz are shown. 

Atom 

Atom number 
in periodic 
unit (1-416) 

Molecule 
number 
(1-16) Aiso Aani 

Eigenvectors 

a* b c 

HC6 19 1 -0.80 5.08 0.968 -0.248 0.026 
    -1.34 0.119 0.549 0.827 

    -3.75 -0.219 -0.798 0.561 
HC1 221 8 0.72 3.73 -0.541 0.801 0.257 

    -1.38 0.615 0.168 0.771 
    -2.36 0.574 0.575 -0.583 

HC2 222 8 2.22 3.18 0.455 -0.827 0.330 
    -0.61 -0.848 -0.290 0.443 

    -2.57 0.271 0.481 0.834 
HC4 224 8 -1.26 5.74 0.901 -0.033 0.432 

    -2.01 0.090 0.990 -0.112 
    -3.73 -0.424 0.140 0.895 

HO2 230 8 52.07 43.16 -0.239 0.710 -0.662 
    -20.83 0.753 0.566 0.335 

    -22.33 -0.613 0.418 0.670 
HC1 247 9 -0.76 6.53 -0.347 -0.772 0.533 

    -0.19 -0.755 -0.107 -0.646 
    -6.34 0.556 -0.627 -0.546 

HO1 255 9 139.47 34.10 0.160 -0.554 0.817 
    -16.68 -0.957 -0.291 -0.010 

    -17.41 -0.243 0.780 0.577 
HC6 358 13 -0.72 7.25 -0.469 -0.855 -0.222 

    -3.30 0.472 -0.455 0.755 
    -3.95 -0.746 0.250 0.617 

Hw 363 13 0.76 5.29 0.256 0.311 0.915 
    -1.96 -0.145 -0.924 0.355 

    -3.33 0.956 -0.223 -0.192 
Hw 415 15 -0.46 5.37 -0.475 -0.169 0.863 

    -2.02 -0.674 0.701 -0.234 
    -3.35 0.566 0.693 0.447 
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Electrons are red! 

Rhamnose crystals are the carbohydrate crystals with the most stably trapped 

electrons29: in deuterated crystals, the IMTEs are stable at liquid nitrogen temperatures, 

whereas they decay at lower temperatures in crystals grown from (regular) light water 

solutions32. The literature reports optical absorption spectra with maxima around 400-500 

nm32, 34, which suggest that the IMTEs should visible to the human eye. Sevilla has reported 

of hydrated electrons in glasses containing asparagine to be dark blue in color53. The color of 

the electrons in rhamnose was verified by immersing single crystals grown from solutions of 

H2O as well as D2O in a liquid nitrogen bath and irradiating them by X-irradiation 

(60kV/40mA) to a dose of approximately 10 kGy. The crystals grown from D2O solutions 

attained a red color, while the crystals grown from (regular) light water solutions did not. This 

confirms that the IMTEs are not stable at liquid nitrogen temperatures in crystals grown from 

(regular) light water. The result can be seen in Figure 16. Even though the IMTE has caused 

many a headache and it has not been possible for me to answer the question of where they are 

localized, I still think they’re quite pretty! 

 
Figure 16: X-irradiated crystals of -L-rhamnose immersed in liquid nitrogen (77 K). The red crystal 
is grown from a heavy water solution and the transparent crystal is grown from (regular) light water 
solution. The picture is taken immediately after irradiation in the dark, upon light exposure for some 
minutes the color of the red crystal fades. The black spots are small polystyrene particles from the 
beaker support. 
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5.5 Paper IV – Asparagine at room-temperature 
Paper IV is a room-temperature study on single crystals of L-asparagine which is a 

continuation of the master thesis work by Knudtsen50. Three stable Radicals were identified, 

for radicals I and II structure assignments are in accordance with the previous work50. 

Periodic DFT calculations and new experimental evidence in 6 K experiments have offered a 

new suggested interpretation for Radical III. The radical structures are shown in Figure 17. 

 

 For Radical I, only one hfc tensor from a non-exchangeable -proton could be 

determined from the ENDOR data, but several smaller couplings were observed at some 

orientations, this was in accordance with the obtained EIE spectra. The radical was found to 

be a product of net H-atom abstraction from C3. DFT calculations indicated that the removal 

of either hydrogen H9 or H10 would provide essentially the same geometrical conformation 

for the radical, and the computed hfcs were in good agreement with the experimental 

observations. Radical I was previously reported at room-temperature by Close et al.48 as well 

as by Strzelczak  et al.54, the same type of radical has also been reported by other authors in 

lysine22- and arginine crystals21, 23, 102, 103 at temperatures of 66 K and up to room-temperature. 

 
Figure 17: Top row: Structures of Radicals I and II observed in L-asparagine at room-temperature. 
Bottom row: Suggested models for Radical III. Figure reproduced from I. S. Knudtsen, S. G. 
Aalbergsjø, E. O. Hole and E. Sagstuen, Radiation Physics and Chemistry 106 (2015), 151–159. 
© Elsevier Ltd. Reproduced with permission according to Elsevier author rights. 
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 Radical II was found to have two exchangeable and two non-exchangeable -hfcs 

based on ENDOR- and EIE experiments. It was concluded, based on comparison of 

experimental tensor principal directions with crystallographic directions and DFT 

calculations, that this is the radical formed by hydrogen abstraction from the central carbon of 

the amino acid back-bone. Radical II is a typical radical observed in amino acids at room-

temperature21, 90, and is assumed to be a decay product of the decarboxylated and/or 

deaminated species. It has previously only been tentatively suggested in asparagine53.  

For Radical III, three hfcs were detected by ENDOR and EIE experiments, but tensors 

could only be determined for one - and one -proton, the third coupling is large and most 

likely of -type. DFT calculations were performed on a large number of radical structures in 

the search for a match with the observed EMR properties. Deamination and decarboxylation 

products were ruled out as well as a glycine-type radical where the C2-C3 bond in asparagine 

radical was broken (model M2 in Figure 17). Finally, a radical structure was suggested based 

on the 6 K observation of an O3 protonated amide anion (paper V). The room-temperature 

radical was suggested to result from this amide anion by a hydrogen atom shift from C3 to C4 

leaving the radical center on C3. This structure, denoted M3 in Figure 17, produced the same 

number of large hfcs as was observed in the experiments, but the eigenvectors of the -

coupling are not optimal. Radical III is a previously unreported species and in spite of large 

computational efforts, a model for this radical could only be assigned tentatively. 
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5.6 Paper V – Asparagine at 6 K 
Paper V is a combined 6 K EMR- and DFT study of single crystals of L-asparagine, 

and the results in this paper were also presented in the master thesis of Øyen52. Three radicals 

were experimentally detected by the use of EPR-, ENDOR- and EIE spectroscopy at 6 K: LI, 

LII and LIII. 

 For LI, only two non-exchangeable -hfcs were observed experimentally by ENDOR 

even though EIE spectra indicated that there should be at least one coupling to an 

exchangeable proton as well, of approximately 2.8 mT at X-band frequency. A C4-centered 

amide anion was suggested based on the two detected -couplings. Periodic DFT calculations 

on a negatively charged unit cell showed that an O3-protonated amide anion with 

approximately 70% spin on C4 nicely reproduces the experimental results. Two -couplings 

additional to those observed by ENDOR provided the missing width and correct shape of the 

EIE spectra. These two additional -couplings are to H6 of the amide group and the proton 

transferred from the amino group of a neighboring molecule across the hydrogen bond to O3. 

The magnitude of the hfc matched that required by the observed EIE spectra only when the 

transferred proton was oriented in the direction of the hydrogen bond. 

 For LII only one non-exchangeable -hfc could be detected in the ENDOR 

experiments, but EIE spectra gave evidence of another exchangeable coupling, too small for 

detection by ENDOR at the frequencies used. These are strong indications of a, possibly 

protonated, carboxylic anion radical interacting with H8. The carboxyl group takes part in 5 

different hydrogen bonds to neighboring asparagine and water molecules. DFT simulations of 

negatively charged unit cells with the radical protonated across each of the five hydrogen 

bonds resulted in only two stable structures with hfcs matching the experimental data. It was 

found that protonation by H4 of a neighboring molecule gave the best reproduction of the 

experimental evidence, where the transferred proton provided the small exchangeable 

coupling observed in the EIE spectrum reproduced in Figure 18. 



50 
 

 
Figure 18: EIE spectra for radical LII recorded with the magnetic field parallel to c. The black line is 
the spectrum recorded using a non-deuterated crystal, the red line is the simulated EPR absorption 
spectrum for a non-deuterated crystal using the experimentally determined hfc tensor along with the 
additional coupling obtained from DFT calculations on the radical. The DFT calculated tensor 
reproduces the additional coupling needed to form the splitting of the EIE signal, which was not 
detected in the ENDOR analysis. Figure reproduced in part with permission from L. F. Øyen, S. G. 
Aalbergsjø, I. S. Knudtsen, E. O. Hole and E. Sagstuen, Journal of Physical Chemistry B 119 (2015), 
491–502. Copyright © 2014 American Chemical Society. 
 

 Radical LIII was found to be the decarboxylation product of asparagine. For this 

species two exchangeable and one non-exchangeable -hfcs were observed, as well as one 

non-exchangeable -hfc. DFT calculations on a positively charged unit cell, where initial 

constraints were imposed on the carboxyl group in order to separate it from the radical, 

provided confirmation of this interpretation and indicated that all significant hfcs were 

observed in the ENDOR experiments. Calculations on a neutral unit cell where the carboxyl 

group was removed from the structure provided generally the same results. Surprisingly, the 

isotropic value of the non-exchangeable -coupling was much larger in the DFT calculations 

than what was found in the initial ENDOR analysis. This led to a reinvestigation of the 

ENDOR spectrum, and it was found that what was initially believed to be a high frequency 

branch of the ENDOR line pair was really the low frequency line for that coupling. With this 

new interpretation of the ENDOR spectra, the detected couplings were also able to reproduce 

the large width of the detected EIE spectra for this radical species.  
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Figure 19: A: Pristine structure of the L-asparagine molecule. B, C and D: Structures of radicals LI, 
LII and LIII with major spin density distributions. Figure reproduced with permission from L. F. 
Øyen, S. G. Aalbergsjø, I. S. Knudtsen, E. O. Hole and E. Sagstuen, Journal of Physical Chemistry B 
119 (2015), 491–502. Copyright © 2014 American Chemical Society. 
 

 All low-temperature radical structures with spin distributions are shown in Figure 19. 

Seen in the context of previous work, the present study provides similar spectra, as well as the 

same list of radical structures. But the combined use of crystal structure information, EIE 

spectra, periodic DFT calculations and simulation of EMR spectra provides new 

interpretations of most of the data. What was reported by Sevilla53 to be the amide anion, is 

most likely the doublet of the (protonated) carboxyl group anion. Five of the seven hfcs 

studied in paper V were also reported in the work of Moulton and Coleman51 and Coleman49, 

but only two of these were assigned in agreement with this work. In fact, Coleman’s report of 

a carboxyl anion was seemingly made without correct identification of any tensor belonging 

to this radical species52. The present work also supports the DFT results of Strzelczak et al.54 

in that the decarboxylation product should form spontaneously, but not their own 

interpretations of their EPR spectra where these authors claim that the decarboxylation radical 

is only formed when the temperature reaches 250 K.  
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6 Discussion and outlook 
In the work presented in this thesis, DFT has been used for several different types of 

calculations such as simple geometry optimizations, reaction path estimation via the nudged 

elastic band (NEB) method as well as molecular dynamics (MD) simulations. What they all 

have in common is the attempt to describe radiation-induced radical species in crystals, and 

their formation mechanisms. In order to compare the results with experiments, the structure 

calculations are always followed by EMR parameter calculations. In the rhamnose system, the 

specific radical formation mechanisms have been in focus along with the questions related to 

the trapped electron. In asparagine, the goal has primarily been on determining which species 

are formed. In the following discussion, focus will be on how DFT calculations have been and 

will be able to (better) contribute to these investigations in the future. In a way, they represent 

the take-home messages and the tips-and-tricks for researchers venturing into this line of 

research. 

6.1 Charge – spin separation 

Symmetry in periodic calculations 

Separation of charge and spin has been experimentally found to be important for 

radical trapping and stabilization91, 95, and most experimentally observed radicals are neutral. 

In the context of periodic DFT calculations, the charge – spin separation is essential to radical 

trapping. Localized spin and charge will usually not be attained by simply adding or 

subtracting an electron in the crystal lattice. If no molecule in the lattice stands out 

geometrically, no one molecule will be the one receiving the excess electron or hole. 

Proton transfers and hydrogen atom abstraction 

Two ways of making initial structural guesses for neutral radicals have been used in 

this thesis. One is to simply delete hydrogen atoms from the molecules. This corresponds to 

deprotonation of an oxidation product, homolytic cleavage of a bond in a neutral molecule or 

hydrogen anion expulsion from a primary reduction product. Net hydrogen addition is another 

option, but this is more difficult as the initial position of the new atom must be decided. The 
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other approach used is therefore to transfer hydrogen atom nuclei across hydrogen bonds 

when performing calculations on charged systems. The transfers separate the charge and spin 

since the unpaired electron usually does not follow the nucleus. These proton transfers may be 

either away from a positively charged oxidation site, or towards a negatively charged 

reduction site as illustrated in Figure 10. 

In rhamnose crystals, the two infinite hydrogen bond chains are efficient proton 

conductors that are able to separate charge and spin far apart, while in asparagine crystals 

there are no such infinite hydrogen bond chains. The results from papers I-V indicate that 

hydrogen bond mediated proton transfer processes are still important in both systems. 

Static calculations 

In the case of asparagine-radicals LI and LII (paper V), DFT calculations provided 

tensors for some particularly interesting hfcs that were not observed in ENDOR experiments, 

but were visible in EIE spectra. These were couplings to protons transferred from neighboring 

molecules which neutralize the reduction products. The fact that these match the couplings 

visible in EIE spectra confirms the protonation model. In the case of LII, the different possible 

proton transfers provide different couplings, the DFT simulations thereby offer suggestions as 

to which proton is transferred. 

Molecular dynamics simulations 

The MD simulations of charged rhamnose crystals (paper II) produced an initially 

smeared out spin density which localized in an instance of high temperature allowing for 

molecular rearrangements and charge – spin separation. The hydrogen bond chains stood out 

as important proton conduction routes both for the positively and negatively charged cells. In 

the negatively charged cells, a tendency was seen that the charge and radical would separate 

immediately by bond cleavage. Recombination was hindered by proton transfers towards the 

negatively charged molecule. In the case of the positively charged cells, the protons were 

transferred away from hydroxyl groups to form alkoxy radicals in the same way as was 

described by Pauwels et al.19 and in paper I of this thesis. The difference between papers I and 

II is that the charge transfers generated by the MD simulations (paper II) often extended 

farther and more frequently changed direction when encountering water molecules 

(intersections between the different hydrogen bond chains). Charge transfers occurred so 
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readily in the cationic MD simulations (paper II) that the charge sometimes caught up with its 

origin either by making a loop or due to the PBC. These loop-effects caused the spin density 

to smear out again. 

6.2 Reaction mechanisms 

Energy considerations 

In paper I and previous work on rhamnose alkoxy radicals, energy considerations were 

used to explain the selectivity in oxidation product formation35. This type of considerations 

requires that the minimal energy configuration of each species is found, and that the NEB 

optimizations converge to the correct reaction path. In the case of deprotonations along 

hydrogen bond chains, it is considered likely that the reaction paths are the correct ones. The 

calculated results compare well with experiments in that the energy differences were found so 

large that only the O4-centered alkoxy species should be observed at either experimental 

temperatures (4.2 K28 and 77 K31).  

The O3-centered alkoxy radical was produced in the MD simulations of paper II even 

though the initial results for deprotonation from O3, using constrained geometry 

optimizations for the deprotonation reactions, indicated that this should not be possible35. The 

hydrogen bond from the O3 hydroxyl group is to the ring oxygen of a neighboring rhamnose 

molecule. In the MD simulations, the rhamnose molecule receiving the proton from the O3-

centered alkoxy radical went through a ring opening and subsequent deprotonation from its 

O1-position. This type of geometrical alteration was most likely too complex and the energy 

barrier too high to be achieved during the simple geometry optimizations performed in the 

previous work. 

Reaction mechanisms in MD simulations 

The fact that the MD simulations on rhamnose (paper II) produced radicals not seen in 

the experiments either at low- or room-temperatures could be interpreted as the computed 

processes of radical formation being unphysical. Although there must be local deposition of 

energy in the real ionization events, the temperature increase related to the spin localizations 

in the MD simulations seem to exceed this energy, as it enables larger geometry alterations 

than what is observed in nature. The produced radicals were compared to the experimental 
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evidence by computing their hfcs, and thereby they could be validated relatively easily. It is 

more difficult to validate the reaction mechanisms resulting from the MD computations.  

The most common form of reaction mechanism was the proton transfer along 

hydrogen bonds to form alkoxy radicals. This is fairly well established already and is 

therefore considered credible. The more complex routes, on the other hand, are more open for 

discussion, but some of them correspond to reaction paths suggested in the literature. 

Samskog et al.32 suggested three different reactions paths for the capture of the trapped 

electron, see Figure 11 in section 4.2. Reaction (1.1) corresponds to the most common 

reduction product reaction seen in the MD simulations (paper II), where the negative radical 

expels a hydroxyl anion and thereby produces a carbon-centered radical with an -proton. In 

the MD simulations, the expelled hydroxyl group was neutralized by proton absorption along 

a hydrogen bond, and the structure appears stable. This is also mentioned by Samskog et al. 

as a likely stable product, which should be observable in experiments. The subsequent 

reaction (1.2) which produces the hydroxyalkyl species as suggested by Samskog et al. was 

not seen in the MD simulations.  

The second proposed electron capture mechanism suggested by Samskog et al. 32, 

reaction 2 in Figure 11, corresponds precisely to the reduction product formation as seen in 

the MD runs. What was not explicitly seen in the MD simulations is the primary trapped 

electron. The challenges of describing trapped electrons are described and discussed later in 

this section in section 5.4. In fact, mechanism 2 of Samskog et al. was the only reductive 

reaction mechanism seen in the MD simulations which resulted in experimentally observed 

radical species. In this reaction, a hydrogen molecule is formed, containing one exchangeable 

and one non-exchangeable electron. However, it is in contradiction with the results of Löfroth 

and Gejvall, who have measured hydrogen gas production from partially deuterated samples 

and found that HD molecules are very rarely formed60. These hydrogen gas measurements 

were performed on different carbohydrates, but not on rhamnose, for which I have found no 

record of hydrogen gas measurement experiments at all, but the systems could be expected to 

be similar. 

The third electron capture mechanism suggested by Samskog et al.32, reaction 3 in 

Figure 11, starts with a deprotonation from the primary cation to another sugar hydroxyl 

group (3.1). This corresponds to the generally accepted alkoxy radical formation mechanism 

in which protons are transferred successively across hydrogen bonds ending on a hydroxyl 

group. It is then suggested that the positive site absorbs a trapped electron and expels a 
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hydrogen atom, process (3.2), which in turn forms a hydrogen molecule and a hydroxyalkyl 

radical, process (2.2). Process (3.2) was not observed in the MD simulations in paper II, and it 

could not have been, since it requires a net charge of zero for the crystal unit, split into a 

positive and a negative site. Long MD simulations on neutral unit cells were not performed. 

In the same way as for the second suggested electron capture process, reaction (3.2) lead to an 

HD molecule. The other reactions produced in the MD simulations in paper II produced ring-

opened structures, none of which have EMR parameters comparable to those observed in 

experiments, and they are therefore dismissed.  

The trapped electron again 

It is disappointing that it has not been possible to observe the trapped electron in the 

MD simulations or in any other simulations so far. Recently, an MD study of solvated 

electrons in glucose-water solutions was published by Liu et al.106. The computational method 

presented in that study is similar to that developed in paper II of this thesis, differing in the 

basis set used and the use of a ROKS  methodology concomitant with SIC. This enabled Liu 

et al. to study the time evolution of solvated electrons. If this method could be applied also to 

solid-state carbohydrate crystals, exciting times are ahead! Liu et al. were also able to study 

the optical absorption using TDDFT, and as we know the color of the trapped electron in 

rhamnose, this might also be an interesting step forward. But given that the ROKS 

methodology is a major approximation as compared to UKS calculations (see chapter 3), the 

results most likely would not be verifiable with hfc calculations. The experimental evidence 

in paper III of this thesis confirm most of the hfc tensors determined for the trapped electron 

in rhamnose. Hence, the calculation of these should be considered important for future IMTE 

model verifications. 

6.3 DFT aids interpretation of experimental data 

Validation of structures 

As DFT calculations can provide all EMR properties for the radical, the computational 

data material often exceeds the experimental counterpart. This can be utilized in order to gain 

better understanding of the available experimental evidence when all tensors cannot be 

determined from the available data.  
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For the alkoxy radical and the IMTE in rhamnose, seven and six hfcs respectively, 

have been determined in experiments,27, 28 and the largest ones were confirmed for each of 

these two radicals in paper III of this thesis. DFT simulations which reproduce all of these 

coupling tensors will be considered as confirmations of the radical structures. The alkoxy 

radical structure has been convincingly confirmed previously19, and the tensors presented in 

paper I originate from essentially the same chemical structure but there are certain larger 

deviations between calculated hfcs and experimental values. Still, the large number of hfcs 

that correspond to the experimental evidence, as well as the calculated g-tensor, is considered 

convincing. For the trapped electron, many simulations display one, two or even three hfc 

tensors which are considered in good correspondence to experimental evidence, but this is 

less than half of the observed coupling tensors, and no convincing validation of a model 

structure has so far been possible. 

For asparagine, the only radicals with a large number of experimentally determined 

hfc tensors are the decarboxylation product at 6 K (LIII, paper V) and the room-temperature 

-carbon hydrogen atom abstraction product (Radical II, paper IV). The room-temperature 

species displays excellent agreement between DFT- and experimental tensors. The 

decarboxylation product model is less satisfactory and displays an hfc for which there is no 

experimental evidence. However, the good correspondence between theory and experiment 

for the four other couplings serves as adequate confirmation of the radical model. 

For the other radical models in both rhamnose and asparagine modeled in papers I-V, 

there are fewer experimentally determined hfc tensors. In the case of Radical I (paper IV) and 

LII (paper V) of asparagine, EIE spectra reveal that there are no more large couplings than 

those for which the tensors are determined. The corresponding lack of other large couplings in 

the DFT simulations along with the good reproduction of the experimental tensors thereby 

supports the radical model. For radical LI in asparagine (paper V), only two hfcs could be 

detected by ENDOR, but EIE spectra clearly show that there must be more couplings, and that 

they should be to exchangeable protons. In this case DFT modeling of the structure provided 

the missing tensors as well as confirmation that the missing tensors should be to exchangeable 

protons. Inclusion of the DFT-calculated tensors enabled reproduction of the experimental 

EIE spectra by simulations.  

All calculations of EMR parameters in the work presented in this thesis are performed 

on stable geometrical structures of radicals in the crystal lattice. This adds credibility to the 

interpretations relative to single molecule calculations where the geometry has been 
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constrained to a geometry which reproduces the experimental data. It is encouraging that the 

DFT calculations on the C3- and C5-centered species in rhamnose (papers II and III) nicely 

predict the experimental observations made in paper III. The hfc tensor of HC2 in the C3-

centered hydroxyalkyl radical was calculated before any experimental evidence was available, 

and the calculated hfcs for the C5-centered radical offer good support to the interpretation of 

the experimental EPR and EIE spectra for this species. 

Facilitation of ENDOR analysis  

In some instances where ENDOR analysis is difficult, DFT calculations may be used 

to aid the experimental analysis. In the low-temperature work on asparagine (paper V) the 

initial data interpretation assumed that ENDOR line #5 was the low frequency ENDOR 

branch of this hfc, in agreement with previous interpretations in the literature51. However, the 

DFT calculations provided an hfc with much larger isotropic value, suggesting that line #5 

might in fact be the low frequency branch. This motivated a new experiment to look for the 

high frequency line 30 MHz above the frequency of line #5, and the corresponding line was 

indeed found!  

Another way in which DFT simulations can possibly facilitate ENDOR analysis is if 

there are difficulties following the resonance lines from one plane of rotation to the next, for 

instance if there is missing experimental evidence near the crystal axes for one or more hfcs. 

Then it is possible to simulate ENDOR variations bases on the DFT calculated hfc tensors to 

determine which lines in different rotation planes belong together. This should however be 

done with great caution as wrong connections will produce non-physical tensors which may 

be taken in support of possibly wrong DFT modeled structures. In paper III, the good 

agreement between the HC4 hfc tensor calculated using DFT and experimentally observed 

couplings motivated the calculation of the expected ENDOR line variations for the other 

couplings as well. This resulted in the identification of the coupling of proton HC2, which has 

not been recorded previously. The difficulty in experimentally identifying this coupling is due 

to the many ENDOR lines present in this part of the spectrum. 

A third difficulty of ENDOR analysis which may be facilitated by DFT calculations is 

the Schonland ambiguity analysis. If only the minimal amount of data required for tensor 

determination is available (lack of data from a fourth skewed rotation plane or experiments 

using a different microwave frequency58) there is no way to determine the correct Schonland 

variant from the unphysical solution with certainty. Often, the choice is made based on the 
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character of the tensors, where the one exhibiting a symmetry more closely resembling a 

standard - or -coupling is chosen over its alternative. In some instances the correct 

Schonland version does not have a perfect - or -symmetry, and the DFT results may 

elucidate this. Additionally, if the crystal structure only displays two-fold rotational 

symmetry, there might be two tensors which both have a “good” symmetry, but only one of 

them is physical. In the case of the rhamnose C3-centered hydroxyalkyl radical, DFT results 

(paper II and III) indicate that the wrong Schonland version was chosen for the tensor 

experimentally determined by Sagstuen et al.33. In paper III, the same hfc was detected, with 

no clear preference for Schonland version, and the opposite version of that reported by 

Sagstuen et al. was chosen, based on the DFT calculations. But the two versions are similar 

and an additional experiment performed for a carefully designed skewed rotation plane is 

necessary in order to settle this disagreement. 

Is it possible to disprove interpretations based on DFT? 

The above sections have discussed how DFT modeling of radical structures can lend 

support to the interpretations of the experimental evidence. But there are instances when the 

suggested radical structure is not found to be stable by the DFT calculations. Other times the 

optimized structure displays EMR parameters that are not consistent with the experimental 

evidence. Since the DFT methods are not exact it is necessary to compare the results to 

experimental evidence, but it is not obvious how to interpret a lack of correspondence 

between the two. 

The exception to this is if a good alternative interpretation can be found. Radical III in 

asparagine (paper IV) is an example of experimental evidence which has been previously 

been interpreted as most likely a decarboxylation- or deamination product50. None of these 

structures provided DFT results matching the experimental evidence. Later observation of the 

decarboxylation species at 6 K supports dismissal of this species for Radical III. The 

suggested model (M3) for Radical III displays hfc tensors in better, but still not excellent, 

agreement with the experimental data. This discrepancy may be due to the fact that the radical 

model is not the correct one, or it may be due to a geometrically non-perfect but chemically 

correct radical structure. Also, the non-perfect results for the deamination product cannot be 

used to dismiss this structure completely.  
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Unexplained experimental evidence 

In spite of thorough experimental investigation and extensive modelling, there are still 

radiation-induced radicals which remain unidentified in several systems6, 23, 24, 50. There could 

be several different reasons for this. The two main reasons will be (1) that the correct 

structures have not been modeled yet or (2) that DFT is not able to describe these structures 

correctly. As was mentioned in the previous section, the deficiency in describing the radical 

structures may be in the geometrical conformations, but it could also be caused by an 

incorrect wave function for the correct geometrical structure. These are issues which might be 

improved as more accurate theoretical methods become available in the future. Another issue, 

which may be more severe and difficult to handle, is the difficulty in modelling the primary 

charged radical species in the crystal lattice. In order to converge to a state with localized spin 

density, the symmetry of the crystal must be broken in some fashion. This is possibly one of 

the largest challenges at present.  

Paper II of this thesis tries to address the first issue: Which radical structures are being 

modeled is today mostly determined by which radicals are expected by the researcher based 

on previous experience, knowledge or imagination. The MD procedure used in paper II allows 

for modelling of structures which were not suggested by the researchers. As the main radical 

species in rhamnose are already reasonably well identified, the procedure did not contribute 

significant new understanding of this particular system. But the fact that it works and 

produces real radicals, makes it interesting to apply this procedure to other systems, where 

there are still unidentified species. Radical III at room-temperature in asparagine (paper IV) is 

still not satisfactorily identified, and similar MD simulations on that system might be of 

interest. Another interesting aspect of performing MD simulations on asparagine is to see how 

the hydrogen atom abstraction leading to radicals I and II (paper IV) happens, and if model 

M(3) for Radical III is correct: how this is formed. 

6.4 Summary and outlook 

Species and reaction mechanisms 

In attempting to understand radiation damage, we start by trying to understand what 

products are formed, then the questions of how they are formed and why exactly these, 

remain. Of the two model systems used in this study, rhamnose was fairly well characterized 
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in terms of what products are formed before this study started. In the case of asparagine, the 

investigations related in papers IV and V offered new ways to interpret old experimental 

evidence and understand what radiation products are formed. This was based on new 

experimental evidence and DFT calculations. In the rhamnose system questions of how and 

why radicals are formed have been investigated. NEB simulations have been used to find 

reaction paths and energy barriers, and MD simulations were used to produce radical 

formation reactions without guidance from the scientist.  

In future research, NEB simulations could be used on the asparagine system for 

comparison of the different protonation routes towards the negatively charged primary 

reduction product. Equally interesting would be NEB simulations of the hydrogen atom 

transfer from C3 to C4, which is presumed to be the transformation process from the LI low-

temperature radical (paper V) into Radical III at room-temperature (paper IV). NEB 

simulations might elucidate the answers to how and why all these reactions occur and why 

only one conformation of LII (paper V) is observed although five different protons could in 

principle protonate its primary reduction species. 

The MD simulation procedure devised in paper II might provide interesting 

information about the asparagine system as Radical III (paper IV) is still not conclusively 

identified. Additionally, the formation of the net hydrogen abstracted room-temperature 

species would be interesting to see in dynamics simulations as well as how the CO2 molecule 

abstracted from the radical LIII (paper V) behaves and positions in the crystal lattice.  

Another reason for why asparagine would be interesting to study using the MD 

procedure is that there are no infinite hydrogen bond chains in these crystals. The infinite 

hydrogen bonds chains are very active during the MD simulations on rhamnose, and it would 

therefore be of technical interest to see how the method works on systems without these. 

Beyond the Born-Oppenheimer approximation 

For the rhamnose system there are, in my opinion, two things that would be very 

interesting to attempt in the future. The level of activity of proton transfers suggests that there 

might be issues related to treating these protons within the Born-Oppenheimer approximation. 

Especially during the MD simulations the protons are transferring rapidly across the hydrogen 

bonds. At the moment, quantum treatment of protons in simulations on systems of this size is 

not available, to my knowledge. But as computer power increases this will be very interesting 

to look into. Abandoning the Born-Oppenheimer approximation for the protons might also 
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facilitate the modeling of the trapped electron in rhamnose. It is assumed that reorientation of 

the hydroxyl groups forming the final trap takes place as the electron falls into a shallower 

pre-existing trap27, 34. This is, in principle, in opposition to the Born-Oppenheimer 

approximation, and it should therefore at least be considered whether abandoning the 

approximation, at least for the protons, might facilitate the electron trapping. 

Self-interaction corrections 

More within reach may be the use of self-interaction corrections also for spin 

unrestricted calculations. This could possibly be what it takes to produce a localized spin 

distribution for the trapped electron in rhamnose and reproduce the experimental data. 

Especially the results of Liu et al.106 provide optimism in this respect. If trapping the electron 

at the right positon can be achieved, then it may also be possible to follow the localized 

electron as it is absorbed into a molecule forming the hydroxyalkyl species. 
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Appendix A: Abbreviations 
CI-NEB – climbing image nudged elastic band 

DFT – density functional theory 

EIE – ENDOR induced EPR 

EMR – electron magnetic resonance 

ENDOR – electron nuclear double resonance 

EPR – electron paramagnetic resonance 

GAPW – Gaussian and Augmented Plane Wave 

GPW – Gaussian and Plane Wave 

hfc – hyperfine coupling 

IMTE – intermolecularly trapped electron 

MD – molecular dynamics 

MEP – minimum energy path 

NEB – nudged elastic band 

PBC – periodic boundary conditions 

PES – potential energy surface 

ROKS – restricted open-shell Kohn-Sham 

SIC – self-interaction corrections 

UKS – unrestricted Kohn-Sham   
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Appendix B: Experimental tensors 
 

Table B.1: Experimentally determined hfcs (in MHz) for the IMTE in rhamnose as reported by Box  et 
al.27. 

Tensor Aiso Aani 
Eigenvectors 

a* b c 
A1 41.29 31.15 -0.736 -0.372 0.564 

Exchangeable  -14.83 -0.394 0.914 0.0881 

   -16.33 0.548 0.154 0.820 
A2 56.23 32.27 -0.128 -0.953 0.2711 

Exchangeable  -15.91 0.448 0.188 0.873 
   -16.35 0.884 -0.231 -0.403 

A3 8.47 34.51 0.280 -0.507 -0.815 
Exchangeable  -16.55 -0.313 0.754 -0.577 

   -17.95 0.907 0.417 0.052 
A4 -5.21 11.10 0.865 -0.395 0.306 

Non-exchangeable  -5.11 0.500 0.697 -0.512 
   -5.99 -0.011 0.5961 0.802 

A5 -3.46 7.58 0.907 -0.207 -0.366 
Non-exchangeable  -2.38 0.053 0.919 -0.388 

   -5.17 0.417 0.332 0.845 
A6 -2.16 6.22 0.428 -0.670 0.606 

Non-exchangeable  -1.86 0.691 0.674 0.257 
  -4.36 0.581 -0.308 -0.752 

 

1The sign of this component has been changed in order to preserve the orthogonality of the 
eigenvectors. 
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