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Abstract

Solvation can alter reaction mechanisms through hydrogen bonding, ion-dipole

interactions, and van der Waals forces to mention a few. In the study of radiation

damage to DNA, solvent effects should be included to model the aqueous biological

system of cells adequately. In the present study, we have investigated the effects

of different solvent models in calculations of Gibbs free energies and reaction rates

for hydrogen abstraction of the methyl group of thymine by the hydroxyl radical

at the ωB97X-D/6-311++G(2df,2pd) level of theory with the Eckart tunnelling

correction. The solvent, water, was included through either the implicit polariz-

able continuum model (PCM) or through explicit modelling of one or two water

molecules at the site of reaction as well as a combination of both. Our investigation

shows that the implicit solvent model increases the barrier heights and decreases

the rate constant for hydrogen abstraction, leading to a value in better agreement

with experimental results, whereas solvation by explicit solvent modelling has the

opposite effect. Hence, the PCM model seems to provide a better description for

radiation damage in thymine, which improves the understanding of the reaction

mechanisms behind radiation damage to DNA.

Keywords: solvation, density functional calculations, radiation damage, kinetics,

hydroxyl radical.
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1 Introduction

Ionizing radiation causes DNA damage and subsequent cell death in living organisms [1].

Radiation therapy utilizes the harmful effects of radiation in effort to kill malignant tumor

cells in cancer treatment. One of the most prominent methods of radiation therapy is

hadron therapy in which beams of charged particles such as protons or C6+ are aimed se-

lectively at cancerous tumors based on the deposition of the hadron energy. The energy of

the hadron reaches its maximum just before the particle stops, which minimizes damage

to healthy tissue surrounding the tumor if aimed appropriately [2, 3]. The energy depo-

sition leads to ionization and formation of reactive radical species [4, 5]. The nucleobase

radicals are highly reactive and potentially lead to strand breaks and reorganization of

the DNA, which can result in cell death or mutation [1, 6]. Unfortunately, the precision

of the ion beams does not allow for exclusive destruction of cancer cells; healthy cells are

also exposed to the radiation. Statistically, the first target of the hadron is water due

to the large excess of water in biological cells [7]. The radical ions formed such as the

hydroxyl radical will then react with other molecules in the cell, including DNA [6]. De-

tailed knowledge of the chemical reactions that ultimately lead to DNA damage is thus of

great importance to improve the selectivity of this form of cancer treatment and thereby

minimize the risk of side effects. As only a total rate constant for the radiation damage of

each of the DNA nucleobases is currently available from experiments [8], computational

efforts have the potential to elucidate the exact mechanisms behind the reactions.

The radicals are thought to react with DNA nucleobases either by abstraction of a

hydrogen or by addition of the radical onto the aromatic rings in the nucleobases [9].

Our group has earlier investigated such reactions by performing calculations of reaction

kinetics in the gas phase. It was found that both addition and abstraction pathways are

important for the overall reaction rate [10, 11]. However, the absence of solvent effects

undermines the credibility of the conclusions from the previous study. Solvation was

shown to both increase the barrier for hydrogen abstraction reactions and make LUMO

orbitals of the nucleobases more compact [12]. Hence, the effects of solvation on the

reactions with adenine were investigated by our group using the polarizable continuum
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Figure 1: Abstraction of the methyl hydrogen of thymine by the hydroxyl radical.

model (PCM), explicit micro-solvation modelling of a single water molecule and through

a combination of the two methods [13]. These solvation models were not shown to alter

the preference of the reaction pathways, but they did have an effect on the rate constants

and energetics. In particular, the PCM model decreased the rate constant and thereby

increased the difference from experimental values, whereas the explicit solvent model

increased the rate constant, reducing the variance from experiment [10]. This implied

that an explicit model might be the better choice of solvent model for the system.

In the current study, we have chosen to investigate solvent effects on the thermody-

namics and kinetics of the reaction between the hydroxyl radical and thymine. Thymine

is one of the three pyrimidine bases which have quite different electrostatic potentials and

HOMO/LUMO orbitals compared to the purine bases, adenine and guanine [10]. There-

fore, it is of interest to study solvent effects on the reaction with thymine to see if the

effects are similar to the previous adenine results. Hydrogen abstraction from the methyl

group of thymine appears to constitute the main reaction mechanism in gas phase as it is

the primary contributor to the rate constants [10], see Figure 1 for the proposed reaction

mechanism. Therefore, we focus on this exact reaction in the current work. The effect

of solvation is investigated using the PCM model, explicit micro-solvation modelling of a

single and two water molecules, and through a combination of the two.

We believe that inclusion of explicit water molecules in the reaction site will affect the

rate constants for hydrogen abstraction because the hydrogen bond restricts accessible

reaction angles of the hydroxyl radical and based on our earlier results for the adenine

nucleobase [13]. As we previously found an improvement of the rate constants for the

reaction with adenine when explicit solvation of a single water molecule was included
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Figure 2: Atom numbering scheme of thymine.

in the calculations, it is interesting to see the effects of multiple water molecules in the

study of thymine.

It should be noted that the incorporation of one of the nucleobases, uracil, in RNA

molecules has been shown to affect the rate constants for hydroxyl radical addition reac-

tions [14]. Aranda et al. showed in 2017 using QM/MM MD simulations that incorpo-

ration of the nucleobase in RNA gave decreased rate constants for the addition reactions

studied. This effect could be explained by reduced accessibility and increased rigidity

of the molecule when incorporated in RNA. For thymine, the H1-hydrogen is actually

not present in DNA, as the nucleobase is connected to the sugar-phosphate backbone

at this position, see numbering convention in Figure 2. Furthermore, the H3-hydrogen

participates in hydrogen bonds with the complementary nucleobase when present in

double-stranded DNA. The fact that our simplified model of the system cannot take

these considerations into account should be acknowledged.

Previous investigations of the effect of solvation for the reaction between the hydroxyl

radical and the DNA bases have given contradictory results as shortly reviewed in the

following. The PCM model is the most common choice of solvent model used for the

reaction. However, the model produces various results based on which nucleobase was

under study and when the model was applied in the calculations.

In 2005, Ji et al. investigated the reactions of the hydroxyl radical with cytosine and

included solvation by single-point B3LYP/6-31++G(d,p)//B3LYP/6-31G(d,p) PCM cal-

culations [15]. They found that the barrier for abstraction of hydrogen atoms from the

amine group increases when PCM is applied, but the relative order of reaction path-

ways remains the same. Likewise, in 2011, Sevilla et al. applied density functional

theory (DFT) with the B3LYP exchange-correlation functional and the 6-31G* and 6-
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31++G** basis sets to investigate the reaction between guanine and the hydroxyl rad-

ical in gas phase and in solvent with IEF-PCM as single-point energy calculations or

in combination with modelling of 12 explicit water molecules [12]. They saw no differ-

ence between gas-phase and PCM calculations in the relative order of adduct formation,

but for the hydrogen abstraction reaction of the heterocyclic N1, they did see a sta-

bilizing effect of the PCM model. Inclusion of 12 explicit water molecules was found

to decrease the importance of the hydrogen abstraction reactions compared to adduct

formation. Shukla and co-workers also investigated also in 2011 calculations on the

hydrogen abstraction reactions from the sugar moiety of 2’-deoxyguanosine by the hy-

droxyl radical [16]. They completed gas-phase calculations with both B3LYP/6-31+G*

and BHandHLYP/6-31+G* level geometry optimizations, and included solvent through

PCM single-point calculations at the B3LYP/aug-cc-pVDZ, BHandHLYP/aug-cc-pVDZ

and MP2/ aug-cc-pVDZ//BHandHLYP/6-31+G* levels. They saw that solvation altered

the order of preferred abstraction pathways from the sugar moiety through both energies

and rate constants. In 2012, Papiez et al. performed the first QM/MM calculations of

the reaction between the hydroxyl radical and guanine-deoxyribose-phosphate in water

[17]. They found that the water environment profoundly affects the hydrogen abstraction

reaction by the hydroxyl radical because the hydroxyl radical forms hydrogen bonds with

surrounding water molecules which restricts the relative orientation of the radicals with

respect to the DNA base. Also in 2012, Aravindakumar et al. performed calculations of

the reaction between uracil and the hydroxyl radical by using a full geometry optimization

in a PCM environment with the B3LYP/6-31+G(d,p) as well as MPW1K/6-31+G(d,p)

methods [18]. They further improved the energies by applying CCSD(T)/6-31+G(d,p)

single-point corrections in a PCM environment. They saw that the PCM environment

gave almost the same energetics and kinetics as gas-phase calculations. They only ob-

served a slight destabilization of the intermediate complexes for addition. No change was

found for the abstraction reactions. Yadav and Mishra investigated the reaction between

the hydroxyl radical and the two pyrimidine nucleobases, cytosine and tyrosine, in 2013

[19]. They performed gas-phase calculations and included solvent effects by recalculating
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the energies of the B3LYP/6-31G(d,p) and B3LYP/aug-cc-pVDZ optimized structures in

a PCM environment. For cytosine, they found a slight increase in reaction barriers for

the abstraction reactions but no change in the order of preferred reactions. No solvation

effect was observed for the addition reactions of cytosine.

The fact that different nucleobases are studied makes it difficult to determine whether

the discrepancies are due to differences in the computational protocol such as the methods,

basis sets, whether the PCM model was applied in all steps of the calculations, if and

how tunnelling corrections were applied, or if they are simply a product of the differences

in reactivities of the nucleobases. To evaluate the available thymine studies, they will be

compared below.

Only a few studies inspect the effects of solvation for the hydroxyl radical reac-

tions with thymine. In 2004, Wu et al. showed through B3LYP/6-31G(d,p) optimized

structures that hydrogen abstraction of the methyl group of thymine had a more nega-

tive Gibbs free energy of reaction when single-point B3LYP/6-31G(d,p) conductor-like

screening model (COSMO) calculations were applied [20]. Also in 2004, Ji et al. in-

vestigated the reactions with thymine and included solvation by single-point B3LYP/6-

31++G(d,p)//B3LYP/6-31G(d,p) PCM calculations [21]. They found that this solvent

model makes addition to C6 more stable relative to C5. The results for the hydrogen

abstraction reaction are in agreement with the study from 2013 mentioned earlier, in

which Yadav and Mishra reported on gas phase calculations for the reaction of thymine

with the hydroxyl radical [19]. All structures were optimized with B3LYP/6-31G(d,p),

B3LYP/aug-cc-pVDZ, and BHandHLYP/aug-cc-pVDZ and solvent effects were included

as single-point energy PCM calculations at the corresponding level of theory. They found

hydrogen abstraction to occur most likely from the methyl group followed by abstraction

of the H1-hydrogen atom (not present in DNA), and that solvation increased the reaction

barrier slightly and decreased the Gibbs free energy of reaction. However, for the addition

reactions, solvation did not stabilize the C6 adduct relative to the C5 in disagreement with

the study of Ji et al. [21]. In all previous studies of thymine, solvation is solely applied

as single-point PCM calculations on structures optimized without a solvent model. In
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the current study, the effect of employing three different solvent models in all steps of the

calculations is investigated and an examination of the effects of including more than one

explicit water molecule in the microsolvation model is performed.

2 Theory

The large dipole moment of the hydroxyl radical enables it to form strong hydrogen

bonded complexes [22]. Therefore, the reaction mechanism for hydrogen abstraction

from thymine is supposed to follow a two-step mechanism, where the first step is the

barrierless formation of a reactant complex (RC) followed by formation of the thymine

radical and water:

R + •OH
k1−−⇀↽−−
k−1

[RC]•
k2−→ R• + H2O (1)

where k1 and k−1 are defined as the forward and reverse rate constants for the equilibrium

reaction for formation of the RC and k2 is the rate constant for formation of the products.

The rate constants for the reaction can be modelled using conventional transition state

theory (TST) [23]. In TST, recrossing effects, which are important for reactions with

low barriers in the high temperature region, are not included. Applying a steady-state

analysis, the overall rate constant for the hydrogen abstraction can be described by:

k =
k1k2

k−1 + k2

(2)

Using the assumption that the rate constant for transforming the RC into reactants is

much larger than the rate constant for forming products, such that k−1 � k2, the overall

rate constant for the reaction can be expressed as:

k =
k1k2

k−1

= Keqk2 (3)

This assumption is valid as long as the energy barrier for k2 is much larger than the

energy barrier for k−1, or if the entropy change in the reverse direction of the equilibrium

is much larger than the formation of products [24].

7



Applying basic statistical thermodynamic principles, the equilibrium constant for the

first step can be obtained in terms of partition functions (Q):

Keq =
QRC

QR−HQOH

exp

[
(ERC − ETS)− ERC

kBT

]
(4)

where ERC and ETS are the energies of the RC and the transition state (TS), kB is

Boltzmann’s constant, and T is the temperature. The rate constant for formation of the

products can be evaluated using TST by:

k2 = κ(T )
kBT

h

Q‡

QRC

exp

[
ERC − ETS

kBT

]
(5)

where Q‡ is the partition function of the activated complex, h is Planck’s constant, and

κ(T ) is the tunnelling correction factor which accounts for tunnelling effects through the

reaction barrier. By combination of equation (3)–(5), the rate constant for the overall

reaction is obtained:

k = κ(T )
kBT

h

Q‡

QR−HQOH

exp

[
−ETS − (ER − EOH)

kBT

]
(6)

It is observed that the RC has no effect on the rate constant in this description.

ETS− (ER−H−EOH) corresponds to the zero-point corrected energy barrier between the

reactants and the TS
(
∆E‡

)
. Assuming that the partition functions are uncoupled, each

partition function can be factorized into contributions corresponding to the various forms

of motion:

Q =
Qtrans

V
QelecQvibQrot (7)

where the translational partition function is evaluated per unit volume as seen in the

equation. Consequently, the ratios of each of the partition functions can advantageously

be evaluated individually. As each partition function describes a part of the internal

motion in each of the individual molecules, all partition functions must be included when

using TST to calculate rate constants. The ratio of the translational, vibrational, and

rotational partition functions are treated as normal. The translational partition function
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is obtained using: (
(Q‡/V )

(QR/V )(QOH/V )

)
trans

=

(
h2

2πµkBT

) 3
2

(8)

where µ = mRmOH/(mR + mOH) is the reduced mass of the reactants. Rate constants

were calculated using Equation 3 with the symmetry factor σ being 2 because the TS

structure was in all cases nonplanar for this reaction, and a nonplanar structure gives rise

to axial chirality. The zero-point corrected energy of activation, ∆E‡, is the difference in

zero-point energy between the TS and the reactants. The electronic partition function is

evaluated as:

Qelec =
∑
i

gie
−εi/kBT (9)

where gi is the degeneracy and εi is the electronic energy of the ith level. In nearly all

cases, few electronic energy levels other than the ground state need to be considered. An

exception is the hydroxyl radical, which has two low lying electronic states (2Π1/2 and

2Π3/2) separated by 140 cm−1 [25]. The electronic partition function for the hydroxyl

radical is therefore evaluated as Qelec,OH = 2 + 2e−140/kBT = 3.018. The final expression

for the rate constant is given by:

k = κ(T )σ
kBT

h

Q‡

QR−HQOH

exp

[
−∆E‡

kBT

]
(10)

where σ is the symmetry factor which denotes the reaction path degeneracy and depends

on the symmetry of the reactants and the TS. The temperature dependent quantum

chemical tunnelling correction, κ(T ), which accounts for the tunnelling through the reac-

tion barrier, is very important for hydrogen abstractions because it depends exponentially

on the mass of the particle. The tunnelling factor was calculated by the Eckart approx-

imation in this work, which is an integral over the quantum mechanical transmission

probability, PQM(E), for a particle of energy E [26]:

κ(T ) =
e−∆Efwd/kBT

kBT

∫ ∞
0

PQM(E)e−E/kBTdE (11)

This method considers both the forward and the reverse reaction through incorpora-
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tion of the forward and reverse barriers, ∆Efwd = ETS − ERC and ∆Erev = ETS − EPC,

in the calculation of PQM(E) where PC is the product complex. It should be noted that

these barriers are relative to the reactant and product complexes and not the free species,

unlike the barriers used in Equation (10). In practise, the Eckart correction is often calcu-

lated by numerical integration, which is also done in this investigation. A more detailed

description of the Eckart tunnelling correction can be found in our earlier work [11].

3 Computational methods

Our group has previously shown that DFT employing the ωB97X-D exchange-correlation

functional [27], which is optimized for thermochemical calculations, in combination with

the Pople triple-zeta 6-311++G(2df,2pd) basis set [28] and the Eckart tunneling cor-

rection [26] gives accurate results for the reaction between adenine and the hydroxyl

radical [10]. The method gave rate constants within a single order of magnitude of larger

coupled-cluster single-point calculations. All calculations in the current work have been

carried out using the Gaussian 16 program suite [29]. Solvent models were included in

all steps of the calculations. Three different solvent models were employed. The first is

the PCM model in its integral equation formalism variant (IEF-PCM), which is an im-

plicit solvent model [30, 31, 32]. The second is the microsolvation model, where we have

included a single explicit water molecule in the vicinity of the reaction site. The water

molecule was manually placed in positions that would potentially allow it to participate

in hydrogen bonding with the hydroxyl radical as starting structure for optimizations and

TS searches. In the third solvent model, the microsolvation model was combined with

the PCM model. To investigate the effects of having more water molecules explicitly

modelled, a microsolvation model with two water molecules was employed as well as a

combination of the two water molecule microsolvation and the PCM model. Two different

conformations of the microsolvation model with two water molecules in the reaction site

were obtained and both were included in the study to inspect the importance of different

conformers.
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In the PCM model, the solvent is modelled as a polarizable continuum. Hence,

hydrogen-bonding effects of the solvent are not explicitly modelled. To see the effects

of hydrogen bonds on the reaction under study, explicit water molecules were included

both in gas phase calculations as well as in a PCM environment in a combined solvent

model. Combination of explicit solvent molecules with a continuum solvent model could

lead to double counting of the electrostatic effects, which should be thought of when

interpreting the results. However, we believe that the effect of hydrogen bonding might

be more important than this possible double counting.

All reactions were controlled by means of intrinsic reaction coordinate (IRC) calcula-

tions from the TS followed by free geometry optimizations of the end-point structures to

ensure that the RC and PC were connected through the TS [33]. The stationary points

were confirmed by a frequency analysis and visual inspection of the imaginary frequency

in the case of TS geometries.

For the microsolvation models, barrier heights, free energies of reaction, and rate

constants were calculated by treating the reactants and products as, respectively, the

free hydroxyl radical and the complex between the water molecules and thymine, and

the free water molecule and the complex between the water molecules and the thymine

radical.

4 Results and discussion

Free energies of activation, ∆G‡ = ∆GTS − (∆GR + ∆G•OH), free energies of reaction,

∆Gr = (∆GR• +∆GH2O)− (∆GR +∆GOH), and rate constants for the hydrogen abstrac-

tion of the methyl group of thymine by the hydroxyl radical, which were obtained with

our various solvent models, are compared in Table 1, Table 2, and Table 3 together with

the corresponding gas phase results. In this section, we will discuss the results for the

three different solvent models separately followed by a discussion of the effect of having

two water molecules, rather than a single water molecule, in the microsolvation model

and how inclusion of the PCM solvent model affects the two water microsolvation results.
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Finally, we will evaluate the effect of tunnelling corrections.

Earlier, experimental investigations by Scholes found the rate constant for the reaction

between thymine and the hydroxyl radical to be 0.76− 1.26× 10−11 cm3 molecules−1 s−1

[8]. However, as seen in Table 2, the rate constant found in this study is about one order

of magnitude larger than the experimental value of Scholes, and also the rate constant

earlier obtained by our group in 2015 [10]. This is due to a different treatment of the

partition functions in the current work where the total partition function is calculated as

the product of the translational, vibrational, rotational, and electronic partition functions

as described in the Theory section. TST is observed to overestimate rate constants due

to the absence of recrossing effects [34]. Therefore, the results of the current study is

reasonable.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3: Structures of the transition states for the hydrogen abstraction reaction of
thymine by the hydroxyl radical as found by the ωB97X-D/6-311++G(2df,2pd) protocol
with different treatments of the solvent: (a) is a gas phase calculation, (b) is a gas phase
calculation with a single water molecule included, (c) is the first transition state of gas
phase calculations with two water molecules included, and (d) is a second transition state.
(e)−(h) are the corresponding calculations with PCM treatment of the solvent included
in all steps of the calculations.
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4.1 Solvent effects of the PCM solvent model

As seen in Figure 3, the PCM optimized geometry for the TS of the hydrogen abstraction

reaction is clearly related to the gas phase structure with the hydroxyl radical being

located in the same area. From the results in Table 1, which shows barrier heights and

reaction free energies, we conclude that the barrier for abstraction of the methyl hydrogen

of thymine inceases by 7.35 kJ mol−1, as expected with introduction of solvation through

PCM. Interestingly, the reaction free energy, shown in parentheses in Table 1, shows an

enormous increase in energy gain from abstraction of the methyl hydrogen in a PCM

environment compared to the gas phase result. The energy gain goes from −25.20 kJ

mol−1 in the gas phase to −125.8 kJ mol−1 when PCM is applied. This suggests that the

PCM environment stabilizes the thymine radical better than it stabilizes the hydroxyl

radical.

Table 1: Barrier heights (∆G‡) and reaction free energies (∆Gr) in parentheses for the
abstraction of the methyl group hydrogen of thymine by the hydroxyl radical given in
kJ mol−1 calculated at the ωB97X-D/6-311++G(2df,2pd) level with different models of
solvation. TS 1 is the first transition state located using the given solvation, and TS 2 is
a second transition state.

Gas phase Explicit
1 H2O

Explicit
2 H2O, TS 1

Explicit
2 H2O, TS 2

Vacuum 20.48 (−25.20) 12.60 (−122.4) 9.977 (−119.7) 15.23 (−114.5)

PCM 27.83 (−125.8) 19.95 (−128.4) 17.33 (−131.0) 16.48 (−123.9)[a]

[a] Calculated by using single-point calculations on the gas phase geometries due to opti-
mization difficulties.

From Table 2, it is seen that PCM solvation decreases the rate constant of the ab-

straction reaction compared with the gas phase rate constant. The rate constant becomes

smaller by two orders of magnitude from 1.10× 10−10 cm3 molecule−1 s−1 to 4.98× 10−12

cm3 molecule−1 s−1. The PCM rate constant is in better agreement with the experimental

results of Scholes [8] than the gas phase result.
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Table 2: Classical rate constants for the abstraction of the methyl group hydrogen of
thymine at the ωB97X-D/6-311++G(2df,2pd) level with different models of solvation.
TS 1 is the first transition state located using the given solvation, and TS 2 is a second
transition state. All values are given in cm3 molecule−1 s−1 at ambient conditions (T =
298 K and p = 1 atm).

Gas phase Explicit
1 H2O

Explicit
2 H2O, TS 1

Explicit
2 H2O, TS 2

Vacuum 1.10× 10−10 2.39× 10−9 3.70× 10−9 7.70× 10−10

PCM 4.98× 10−12 3.35× 10−11 1.89× 10−10 3.44× 10−10[a]

[a] Calculated by using gas phase partition functions and PCM single-point energies due to
optimization difficulties.

4.2 Solvent effects of microsolvation with a single water molecule

To investigate effects of explicit solvent modelling on the reaction rate constants, we

included a single water molecule in otherwise gas phase calculations, and optimized all

intermediate structures with the water molecule residing in the vicinity of the reaction

site. Using explicit solvation, it is possible to place solvent molecules at a position where

they are able to hydrogen bond to the molecules studied. Any hydrogen bonding between

a solvent and the hydroxyl radical will potentially result in more steric strain on the

hydrogen bond between the hydroxyl radical and the nucleobase.

From Figure 3, it can be observed that inclusion of a water molecule alters the ge-

ometry of the TS relative to the gas phase calculation. Whereas in the latter calculation

the TS consists of a seven-member ring structure in the former case this is extended to

a 9-member ring. The TS shows thus a clear hydrogen bonding interaction between the

water molecule and the hydroxyl radical as desired, as do all other found intermediate

structures.

In contrast to the PCM calculations, introduction of microsolvation by a hydrogen-

bonded water molecule decreases the barrier height for abstraction of a methyl hydrogen

with 7.88 kJ mol−1 from 20.48 kJ mol−1 to 12.60 kJ mol−1. This effect is interesting, as

formation of hydrogen bonds to the solvent is thought to increase the barrier of formation

of the TS. Comparing in detail the TS structure from the microsolvation calculation with

the geometry of the TS of the gas phase calculation, as can be seen in Figure 4, the extra
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(a) (b)

1.83

1.90

2.24

Figure 4: Selected bond lengths in Å for the transition state structures of the hydro-
gen abstraction reaction of thymine by the hydroxyl radical found by the ωB97X-D/6-
311++G(2df,2pd) protocol with different treatments of the solvent: (a) is the gas phase
structure and (b) is the gas phase calculation with a single water molecule included.

water molecule is observed to improve the conditions for hydrogen bonding by formation

of a nine-membered ring TS structure. The water molecule places itself between the

hydroxyl radical hydrogen and the oxygen of the carbonyl group neighbour to the methyl

bearing carbon, whereby the distance between the atoms in the ring is shortened to a

range more optimal for hydrogen bonding. This could stabilize the TS, decreasing its

energy, and thereby, the barrier height of the reaction.

The energetic gain is increased from −25.20 kJ mol−1 to −122.4 kJ mol−1 resembling

the effects on Gibbs free energy of reaction by the PCM model, though slightly smaller.

This indicates that having a water molecule interacting with the formed thymine radical

almost resembles the effects of applying a dielectric environment.

Inclusion of the extra water molecule is found to increase the rate constant by one

order of magnitude to 2.39 × 10−9 cm3 molecule−1 s−1. This means that addition of an

explicit, hydrogen-bonded water molecule has the opposite effect on the kinetic results

compared to treating solvation by the PCM model, which is related to the decreased

activation barrier. It should be noted that the rate constants were calculated using

the partition functions of the complex of thymine and the water molecule, rather than

completely free reactants. This results in a model where the nucleobase is already solvated

when the incoming hydroxyl radical arrives. This description of the system resulted in

large rate constants compared to the experimental value, but if the partition functions

for the free reactants were used, an even larger rate constant of 10−7 cm3 molecule−1 s−1

was obtained, justifying the chosen calculation of the rate constant. The resulting rate
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constant is even further from experimental values, why the explicit solvated model in the

gas phase does not appear to be the best description of the system under investigation.

4.3 Combination of the PCM model and microsolvation with a

single water molecule

For our next solvent model, we combined the implicit PCM model and the explicit micro-

solvation model. First, we added a single water molecule to the intermediate structures

and then we submerged the system in a PCM environment.

The structure of the TS of the combined solvent model resembles the corresponding

microsolvated gas phase structure with small differences. The barrier height is slightly

increased compared to the microsolvation results and the reaction free energy is decreased

significantly. The rate constant of the reaction is decreased by less than one order of

magnitude compared to the gas phase result. This method should theoretically be the

most accurate of the methods investigated with the exception of inclusion of more explicit

water molecules in combination with the PCM model. However, the rate constant for the

PCM solvated reaction is in better agreement with the experimental values, 0.76−1.26×

10−11 cm3 molecule−1 s−1 [8], compared to the combination of the implicit and explicit

solvent model.

Based on these results, the PCM model seems to describe the solvent best. We

hypothesized that hydrogen bonding might give more realistic results and improve the

rates of reaction, but for thymine this was not the case. It could be, that inclusion of the

whole first shell of solvation would present different results than the ones found in this

study.

4.4 Solvent effects of microsolvation with two water molecules

To see the effects of including more than one explicitly modelled water molecule, we

performed gas phase calculations with two water molecules placed close to the reaction

site. We found two different conformations of the transition state, TS 1 and TS 2, as

seen in Figure 3.
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Inclusion of two explicit water molecules only affects the structure of the TS slightly

in both conformers. One of the molecules is placed at about the same position as the

single water molecule in the simple microsolvation model, and the other water molecule

hydrogen bonds with the hydroxyl radical from two different positions, giving rise to the

different TSs. It is seen that the position of this second water molecule affects the barrier

height with the first TS having a smaller barrier compared to the second structure by

a difference of 5.253 kJ mol−1. The first of the TSs has, among all of the TSs found

in this study, the lowest activation barrier of 9.977 kJ mol−1. As a slight difference in

the geometry of the two TSs is seen, the first TS must give the optimal conditions for

hydrogen bonding, thereby lowering the energy of the TS. The energy gain was larger

for both conformers compared to the gas phase calculations but smaller than the energy

gain of the reaction with only a single water molecule included. Comparing the two

conformers, the first conformer has a larger energy gain than the second.

The rate constant found for the first of the two TSs with two water molecules explicitly

modelled is the largest unmodified rate constant found in this study, see Table 2. It

has a value of 3.70 × 10−9 cm3 molecule−1 s−1, which decreases the agreement with

the experimental range further compared to the rate constants of the gas phase and

explicit solvation with a single water molecule calculations. The rate constant for the

second conformer is one order of magnitude smaller than the first conformer. This is in

agreement with the difference in barrier heights.

4.5 Combination of the PCM model and microsolvation with

two water molecules

The effect of combination of the explicit solvent model with two water molecules included

in gas phase calculations and the implicit PCM model was the last variation of solvent

models investigated in this study. For the second TS, we had trouble locating an opti-

mized geometry for the TS in a PCM environment. For this conformer, it was necessary

to carry out the PCM energy calculation as a single-point calculation on the gas phase

optimized geometry of the TS structure and to use the gas phase frequencies and partition
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functions in the evaluation of the rate constants.

The geometry of the first TS underwent small changes when the PCM environment

was applied. The geometry of the second TS structure is, of course, identical with the

vacuum structure because the optimization failed with the PCM model. Applying a PCM

environment raised the barrier height for the first TS and gave a larger energy gain of

reaction, like the single water molecule microsolvation, see Table 1. This was to a smaller

extend also true for the second TS, probably because the geometry was not optimized

in the PCM environment. This again illustrates how the effects of the PCM model and

the microsolvation counteracts each other on the system under examination. Likewise,

the rate constants for the combined solvent models, in Table 2, were smaller compared

to the two water microsolvation gas phase results. The difference was about one order

of magnitude for the first TS compared to two orders of magnitude for the single water

molecule model. This indicates that the effect of the PCM environment is subsidized by

inclusion of more water molecules in the solvent shell. A plot of the trendlines for the

vacuum rate constants and the PCM rate constants is shown in Figure 5, where it can

be seen that the trendlines seem to approach each other.
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Figure 5: Classic rate constants given in cm3 molecule−1 s−1 of the reaction between
thymine and a hydroxyl radical with increasing number of hydrogen-bonded water
molecules both in vacuum and in a PCM environment.

Because the two solvent models show opposing effects on the rate constant, combina-
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tion of the two models does not infer double counting effects based on our current results.

However, to ensure this, the full first solvation shell could be included and this system

emerged in a PCM environment such that double counting effects cannot occur.

The rate constants for the combination of the two models with two water molecules

explicitly modelled were the least altered rate constants compared to the gas phase results,

as they only increased the rate constant slightly. Hence, the resulting rate constants agrees

less with experiment compared to the gas phase results as the gas phase results is furthest

from experiment.

4.6 Tunnelling corrections

Tunnelling effects were largest for the gas phase calculations where they doubled the rate

constant for the reaction from 1.10× 10−10 to 2.23× 10−10 cm3 molecule−1 s−1 as can be

seen from Table 3. The resulting rate constant deviates more from the experimental value

than the unmodified rate constant. The effect of tunnelling was in general smaller for all

solvent models where a PCM environment was included, and explicit solvation decreased

the importance of tunnelling corrections as well. Hence, for the combination of solvent

models the tunnelling corrections had the smallest importance for the rate constants,

with no tunnelling correction applicable for the combined solvent models with two water

molecules explicitly modelled, due to the TS and the RC being of identical energies.

The Eckart corrected rate constant for the PCM optimized reaction was the rate

constant in best agreement with the experimental range of all rate constants calculated.

It had a value of 7.35×10−12 cm3 molecule−1 s−1, which is close to the experimental range

of 0.76−1.26×10−11 cm3 molecule−1 s−1 [8]. Thus, the PCM model with Eckart tunnelling

correction seems to describe the reaction studied the best of the different solvent models

investigated in this work.
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Table 3: Eckart tunneling corrected rate constants for the hydrogen abstraction of the
methyl group of thymine at the ωB97X-D/6-311++G(2df,2pd) level with different models
of solvation. TS 1 is the first transition state located using the given solvation, and TS 2 is
a second transition state. All values are given in cm3 molecule−1 s−1 at ambient conditions
(T = 298 K and p = 1 atm). Tunneling corrections, κ, are given in parentheses.

Gas phase Explicit
1 H2O

Explicit
2 H2O, TS 1

Explicit
2 H2O, TS 2

Vacuum 2.23× 10−10

(2.02)
3.66× 10−9

(1.53)
4.16× 10−9

(1.13)
9.23× 10−10

(1.20)

PCM 7.35× 10−12

(1.48)
3.98× 10−11

(1.12)
1.89× 10−10[a]

(1.00)
3.44× 10−10[a,b]

(1.00)

[a] No tunnelling correction was applied as there was no energy barrier between the reactant
complex and the transition state. [b] Calculated by using gas phase frequencies and partition
functions and PCM single-point energies due to optimization difficulties.

5 Conclusion

We have investigated the importance of including solvation in calculations of barrier

heights, reaction free energies, and rate constants for the methyl hydrogen abstraction

reaction of the thymine nucleobase by the hydroxyl radical, thereby fulfilling the aim

of this investigation. Solvation was described by means of the PCM model, explicit

microsolvation of respectively one and two water molecules and by combination of the

two.

The effects of explicit solvation found for thymine in the current study are in contrast

to the results obtained for adenine by our group in 2016 [13]. For adenine, explicit

solvation increased two of the barrier heights for abstraction by 2 and 10 kJ mol−1,

respectively, two of the barriers were decreased by around 1 kJ mol−1, and the final barrier

was decreased remarkably. The significantly decreased barrier stems from a stabilization

of this TS by the water molecule. The less affected abstractions are of aromatic hydrogens,

while the two abstractions, which experience an increase in reaction barrier, are the

hydrogens of the primary amine of adenine. Several factors might explain the opposing

effects of explicit solvation on the barrier heights between the methyl group of thymine

and the amine group of adenine. First, the radical is formed on a carbon in thymine,

whereas a nitrogen radical is formed in adenine. This results in a less stable free radical of
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adenine due to the more electronegative radical-bearing atom. In either case, resonance

stabilization of the free radical is possible as both of the radical centers are adjacent to

a π-bond. However, for adenine, the resonance structure will result in the free radical

center on another nitrogen atom, while the resonance structure results in the radical

center being on a carbon atom in thymine, again stabilizing the thymine radical relative

to the adenine radical. For thymine, the resonance structure will result in a free radical,

which is adjacent to a nitrogen. The nitrogen can donate electron density from its lone

pair orbital to the p-orbital of the radical center which stabilizes the radical further. All

of these factors could contribute to the stability of the TS and the resulting radical, and

explain the different responds of the systems to solvation.

In the present study, explicitly modelled water molecules decreased the reaction barrier

heights for the abstraction of the methyl hydrogen of thymine by the hydroxyl radical. In

contrast, application of the PCM model increased the barrier heights by 7.35 kJ mol−1 in

all calculations with PCM optimization. The two solvent models studied have been shown

to impact the rate constant of the hydrogen abstraction reaction of the methyl group of

thymine in divergent ways. Based on the rate constants, the PCM model appears to be

the better choice of solvent model for the system, as the PCM rate constant is in better

agreement with the experimental results [8]. However, as the gas phase rate constant

varies by one order of magnitude from the experimental value, it could be questioned

whether the method used in this work is appropriate for the system studied.

The tunnelling corrections are found to be of decreasing importance with more elab-

orate description of the solvent, resulting in no tunnelling effect applicable when the mi-

crosolvation model with two water molecules included is combined with the PCM model.

The rate constant, which overall shows the best agreement with the experimental results,

is the Eckart corrected PCM rate constant. The PCM model with Eckart tunnelling cor-

rection is therefore chosen as the best model for the thymine abstraction reaction, unlike

in the case of the hydroxyl radical reaction with adenine where the explicit solvent model

showed the best results.

Based on the difference in conclusion of the current study with our previous study
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on adenine, it could be interesting in the future to investigate the effects of solvation on

abstraction of one of the aromatic hydrogens of thymine to see if the same trends are

present as for the aromatic hydrogens of adenine, even though these hydrogens are not

relevant in DNA damage. Furthermore, a better solvent model where the first solvation

shell is fully included in the calculations would be interesting to perform to get an even

more realistic model of the system.
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