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versus the N1-H distances.  Zero point energy corrections are not appropriate for non-

stationary points and therefore, they were performed only for the initial, transition and 

proton transferred structures.  For both plots, data were taken from the static intermediate 

structures obtained from the IRC following calculations, initial and proton transferred 

structures.  The N-N distance first compressed, then remains almost unchanged in the 

transition region, and finally relaxed to a longer distance.  This contraction of N-N 

distance due to other vibrations within the base-pair promotes the proton transfer process. 
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Figure 8.6 (a) N-N distances (N7(a)…N1(b) distances) versus the N1-H distances 
(N1(b)…N1H(b) distances) (b) Relative energies (the uncorrected energy of each 
structure is compared to that of initial structure) versus the N1-H distances.  Data 
were taken from the static intermediate structures obtained from the IRC following 
calculations, initial and proton transferred structures. 

(a) (b) 

 

 

Table 8.3 shows the calculated energies, activation energies for the forward and 

backward reactions (E*) and the reaction energy changes (∆E) for this proton transfer 
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process without the zero point energy and thermal corrections.  Table 8.4 shows the 

calculated activation energies for the forward and backward reactions, enthalpy changes 

∆H, free energy changes ∆G and equilibrium constants, calculated as 
G

RT
eqk e

−∆
= , at 

10K and 298.15K.  Both zero-point energy and thermal corrections were considered in 

here. 

 

Table 8.3  Calculated energies, Activation energies for the forward and backward 
reactions and Reaction energy changes (∆E) for the proton transfer process in 9EtG 
base-pairs a 

 
uncorrected energy (au)  activation energy 

(kcal/mol) 
9EtG 

base-pair 
initial TS PT  forward backward 

∆E 
(kcal/mol) 

 
cation 
neutral 
anion 
 

 
-1242.20718 
-1242.44272 
-1242.45051 

 

 
-1242.19917 

- 
-1242.43137 

 

 
-1242.20091 

- 
-1242.43140 

 

  
5.023 

- 
12.012 

 
1.091 

- 
0.015 

 

 
3.932 

- 
11.997 

 
a without zero-point energy corrections 
 
 

 

Table 8.4  Calculated activation energies, enthalpy changes, free energy changes and 
equilibrium constants for the proton transfer process a,b

 
activation energy 

(kcal/mol) 
9EtG  

base-pair 
temp 
(K) 

forward backward 

∆H 
(kcal/mol) 

∆G 
(kcal/mol) 

 
keq

 
cation 

 
 

anion 
 
 

 
10.0 

298.15 
 

10.0 
298.15 

 
2.188 
2.081 

 
10.296 
9.967 

 
-1.151 
-1.445 

 
-0.375 
-0.761 

 
3.338 
3.526 

 
10.670 
10.729 

 

 
3.341 
3.316 

 
10.680 
11.338 

 

 

9.7 × 10-74

3.7 × 10-3

 
4.0 × 10-234

4.9 × 10-9

 
a calculations performed at UB3LYP/6-31+G(d) level 
b including the zero-point energy and thermal corrections 
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Considering the uncorrected energies of initial, transition state and proton 

transferred structures; the activation energy for the forward reaction is higher than that 

for the backward reaction.  But, by including the zero point energy and thermodynamic 

energy corrections, negative activation energies for the backward reaction were predicted 

at both temperatures.  This is an indication of an “unstable” structure for the proton 

transferred 9EtG cation even though the optimization of the structure converged 

successfully.   The zero point energy corrected ∆E is 3.340kcal/mol.  The positive ∆H 

and ∆G values indicate that proton transfer in 9EtG base-pair cation radical is 

energetically unfavorable.  Also the equilibrium constants are considerably small for the 

proton transfer process. 

 

Table 8.5  Charge and spin distribution on optimized 9EtG base-pair radicals  
 

charge  spin  
radical 

 
initial TSa PTb  initial TSa PTb

 
cation 

 
 
 

anion 
 
 
 

 
total 

on (a) 
on (b) 

 
total 

on (a) 
on (b) 

 

 
1.0000 
0.0631 
0.9369 

 
-1.0000 
-0.9609 
-0.0391 

 
1.0000 
0.1343 
0.8657 

 
-1.0000 
-0.8101 
-0.1899 

 
1.0000 
0.7594 
0.2406 

 
-1.0000 
-0.2621 
-0.7379 

  
1.0000 
0.0011 
0.9989 

 
 1.0000 
 1.0012 
-0.0012 

 
1.0000 
0.0007 
0.9993 

 
 1.0000 
 1.0017 
-0.0017 

 
1.0000 
0.0008 
0.9992 

 
1.0000 
0.9994 
0.0006 

 
a  contribution from the transferring proton is added to molecule (b) 
b contribution from the transferring proton is added to molecule (a) 
 

 

 

Table 8.5 shows the total charge and spin distributions on the 9EtG base-pair and 

those distributions on the individual molecules for the initial, transition and the proton 
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transferred states.  The charge and spin associated with the transferring proton is added to 

molecule (b) for the initial and transition states and it is added to molecule (a) for the 

proton transferred state.  For the cation base pair, with the proton transfer, the positive 

charge transfers from molecule (b) to molecule (a) while leaving the spin on the molecule 

(b).  On the other hand, for the anion base pair, the negative charge transfers from 

molecule (a) to molecule (b) while leaving the spin on molecule (a).  Even though, both 

molecules in the base pair are 9EtG molecules, it is interesting to see that the molecular 

arrangement make one differ from the other for the charge and spin localization.   

 

Figure 8.7  Face and edge views of optimized molecular structure of 9EtG-pair anion.  
Geometry was fully optimized at UB3LYP/6-31+G(d) level.   

1.814 

(a) (b)1.840 

2.887 

 

 

9EtG base-pair Anion Radical: Proton transfer in the 9EtG base-pair anion 

radical causes characteristic changes in structure similar to those of the base-pair cation 

radical.  Also a significant structural change occurs when an electron is added to the 

neutral base-pair.  Face and edge views of the 9EtG base-pair anion are shown in Fig. 8.7.  
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The two 9EtG molecules in this base-pair anion radical are planar in contrast to those in 

the neutral base-pair.  But the amino group and the C2 atom of molecule (a) are 

noticeably non-planar in contrast to those of neutral and cation base-pairs.   

 Table 8.2 shows bond lengths for all hydrogens involved in the 9EtG base-pair 

anion radical for the initial, transition state and the final proton-transferred structures.  

Fig. 8.8 shows the face and edge views of proton-transferred 9EtG base-pair anion 

radical.  Initially, the anion base pair was planar but became non-planar after the proton 

transfer.  A significant geometric distortion is also observed in the N1-C2-N3 region of 

molecule (a).  The isolated molecule (a) in this proton-transferred base pair is similar to 

the N7-protonated anion radical.  But results from both an isolated molecule and radical 

enclosed in a cluster of molecules do not show such a geometric distortion in N1-C2-N3 

region (refer Chapter 9 for details).  However, those two models show a considerable 

distortion in the N7-C8-N9 region and that does not occur in this base-pair model. 

 

Figure 8.8 Face and edge views of optimized molecular structure of proton-transferred 
9EtG base-pair anion.  Geometry was fully optimized at UB3LYP/6-31+G(d) level.   

2.033 

(a) 
1.605 

(b)

2.306 
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The transition structure identified for this proton transfer process has only one 

imaginary frequency (-170.423cm) indicating that this structure is located at a saddle 

point on the energy surface.  But, animation of the imaginary frequency using GaussView 

does not show a considerable vibration for the transferring proton.  Also, IRC 

calculations did not connect the potential minimum of the initial structure (anion) 

structurally or energetically.  These results indicate that this transition structure may not 

be the one appropriate for this proton transfer process.  The data for the transition 

structure for the anionic proton transfer process are shown in Tables 8.3, 8.4 and 8.5 and 

are given only for the sake of completeness.  Because of the uncertainty of the transition 

structure, it is not easy to conclude the energetic favorability of this proton transfer 

process.   

Electron Affinity (EA): The electron affinity of an atom or molecule is defined as 

the difference between the total energies of its neutral and negative ion, which describes 

the energy gain due to addition of an electron to the neutral system.  When the structures 

of both the neutral and anionic forms are allowed to relax, EA is called the adiabatic 

electron affinity (AEA); otherwise, EA is called the vertical electron affinity (VEA).  

Therefore, the calculation of the AEA is based on the optimized geometry of the neutral 

species and the optimized geometry of the anion radical species.  The calculation of VEA 

uses the optimized neutral geometry for both the neutral and the anion radical species. 

Ionization Energy (IE): The ionization energy or ionization potential of an atom 

or molecule is defined as the difference between the total energies of its neutral and 

cation, which describes the energy necessary to remove an electron from the neutral 

system.  When the structures of both the neutral and cationic forms are allowed to relax, 
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IE is called the adiabatic ionization energy (AIE); otherwise, IE is called the vertical 

ionization energy (VIE).  Therefore, the calculation of the AIE is based on the optimized 

geometry of the neutral species and the optimized geometry of the cation radical species.  

The calculation of VIE uses the optimized neutral geometry for both neutral and cation 

radical species. 
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Figure 8.9  The relative energies (uncorrected for zero-point energy) in kcal/mol for 
9EtG base-pairs and the energy separations correspond to the AEA, VEA, AIE, VIE, 
VEDE and VEAE (see text for the definitions†). 

 

                                                 
† AEA = (energy of optimized neutral – energy of optimized anion); VEA = (energy of optimized neutral – 
energy of anion in optimized neutral geometry); AIE = (energy of optimized cation – energy of optimized 
neutral); VIE = (energy of cation in optimized neutral geometry – energy of optimized neutral); VEDE = 
(energy of neutral in optimized anion geometry – energy of optimized anion); VEAE = (energy of neutral 
in optimized cation geometry – energy of optimized cation). 
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Fig. 8.9 shows the relative energies (excluding zero point energy and 

thermodynamic corrections) for the 9EtG base-pairs.  The energy of the (9EtG) neutral 

base-pair in its optimized geometry is considered as the reference (0kcal/mol).  All values 

in the middle are calculated at the optimized neutral geometry.  Those on the left are at 

the optimized anion geometry and those on the right are at the optimized cation 

geometry.  The vertical electron detachment energy (VEDE) of a base-pair anion radical 

is the energy difference between the base-pair anion in its optimized geometry and its 

neutral base-pair in the anion geometry (before nuclear relaxation).  The vertical electron 

attachment energy (VEAE) of a base-pair cation radical is the energy difference between 

the base-pair cation radical in its optimized geometry and the neutral base pair in the 

cation geometry.  It is the energy released by the cation radical upon electron addition but 

before nuclear relaxation. 

 

Table 8.6  Calculated Electron Affinities and Ionization Energies for 9EtG base pair a 

 
AEA VEA b AIE  VIE b VEDE b VEAE b

 
5.07b 

11.99c 

11.53d

 
-3.22 

 
148.05b 

143.43c 

143.43d

 
156.81 

 
 
 

 

32.05 → 2(9EtG)-

28.36 → 2(9EtG)-PT 

 

-138.59 → 2(9EtG)+

-121.30 → 2(9EtG)+PT 

 

a in kcal/mol 
b using uncorrected energies 
c with zero point energy corrections 
d with zero point energy corrections and thermal energy corrections at 298.15K 
 

  

 

Values for AEA, VEA, AIE, VIE, VEDE, and VEAE values are listed in Table 

8.6.  The AEA for the 9EtG base pair is 5.07kcal/mol without zero point energy 
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corrections.  However, the value is 11.99kcal/mol with zero point energy corrections and 

11.53kcal/mol with thermal energy corrections at 298.15K.  Zero point energy 

corrections have a substantial effect on the AEA but, thermal energy corrections to 

298.15K have a little effect.  The VEA calculated with uncorrected energies is a negative 

value (-3.22kcal/mol).  Calculated from the uncorrected energies of the optimized cation 

and neutral base-pairs, the AIE is 148.05kcal/mol, a very large value.   Including the zero 

point energy corrections, makes the value 143.43kcal/mol, and the thermal energy 

corrections at 298.15K have a negligible effect.  The VIE is 156.81kcal/mol.  The 

reorganization energy the 9EtG base pair anion is 8.30kcal/mol.  It is the energy 

difference between the anion in the optimized neutral geometry and the optimized anion 

geometry (VEA – AEA).  Similarly, the nuclear relaxation energy for the cation base 

pair, which is the energy difference between the cation at optimized neutral geometry and 

the optimized cation geometry (VIE – AIE), is 9.22kcl/mol.  The VEAE for the 9EtG 

base pair cation is -138.59kcal/mol and that for the proton transferred cation pair is -

121.30kcal/mol.  The VEDE for the 9EtG base pair anion is 32.05kcal/mol and that for 

the proton transferred anion pair is 28.36kcal/mol.  To check the validity of the theory 

and the predicted values for the 9EtG base-pair, the calculated EAs and IEs for guanine at 

the same level of theory and previously reported values are given in Table 8.7. 
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Table 8.7  Comparison of reported Electron Affinities (EA) and ionization Energies 
(IE) for guanine in kcal/mol a

 Experimental  Theoretical b

 adiabatic vertical adiabatic vertical 
 

Guanine 
EA 
 
 
IE 
 
 
9EtGc 

EA 
IE 
 

 
 
 
 
 

179.18 (7.77) 17 
181.02 (7.85) 18 

 

 
 

-10.61 19 
 
 

190.01 (8.24)20 

 
 

-8.98c 

-7.38 21 
 

176.33 (7.65)c 

175.71 (7.62)8 
 
 

-9.00 
171.65 (7.44) 

 
 

-9.93c 

-9.45 21 
 

177.93 (7.72)c 

181.02 (7.85)8 
 
 

-9.90 
173.11 (7.51) 

 

a IE values in eV are given in parentheses 
b calculated at B3LYP/6-31+G(D) level 
c this work 
 

 

 

Table 8.8  Calculated base pairing energetics of 9EtG base pairs a 

 
10.0K 298.15K  

Base pairings b BPE ∆H ∆G ∆S 
 

BPE ∆H ∆G ∆S 
 

a0 + b0 → ab0

a+ + b0 → ab+ 

a++b0→ ab+(PT) 

a0 + b- → ab- 

a0+b- → ab- (PT) 
 

 
−16.4 

−31.5 

−20.8 

−40.1 

−36.8 
 

 
−16.4 

−31.5 

−20.9 

−40.2 

−36.8 

 
−16.0 

−31.2 

−20.5 

−39.8 

−36.4 

 
−37.2 

−36.7 

−37.6 

−37.8 

−38.0 

  
−15.2 

−30.1 

−19.4 

−39.2 

−35.7 

 
−15.8 

−30.7 

−20.0 

−39.8 

−36.3 

 
−5.2 

−20.8 

−9.5 

−28.0 

−24.7 

 
−35.6 

−33.3 

−35.3 

−39.4 

−38.7 

 

a BPE, ∆H, and ∆G are in kcal/mol and ∆S is in cal/(mol.K).  All values include zero point 
energy and thermal corrections and those corrections were scaled by 0.9804. 
b a - 9EtG molecule (a) , b - 9EtG molecule (b) and 0,-, + and (PT) represent neutral , anion, 
cation and proton transferred states respectively 
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Base-Pairing Energy (BPE): The base-pairing energy (also known as the 

complexation energy) is defined as the difference between the energy of the fully 

optimized base pair and the sum of the energies of the two individually optimized bases.  

It is therefore an estimation of the strength of the hydrogen bonds holding the bases 

together in the pair.  Table 8.8 shows the base pairing energies for 9EtG base pairs.  

Correction for basis set superposition errors (BSSE) were not considered in these 

calculations. 

According to Table 8.8, proton transfer has a destabilizing effect on the base-pair 

energetics at both temperatures considered.  This effect is quite significant for the base-

pair cation radical (by 31.5-20.8 = 10.7kcal/mol at 10K) and is about 3kcal/mol for the 

base-pair anion radical.  The 9EtG anion base-pair radical is the most strongly bonded 

base pair.  Even though proton transfer (from N1(b) to N7(a)) made the bonding weaker, 

it is still more strongly bonded than both cation pair radicals (initial and PT).  Meanwhile, 

the neutral base-pair is the most weakly bonded.  For all the base-pair radicals, the 

bonding is slightly stronger at low temperature.  The base pairing entropy changes are 

approximately the same and are mainly result from the loss of one mole of molecules on 

the base pairing.  Thus, the free energy changes are almost same as the enthalpy changes 

at 10K and they are substantially less than the enthalpy changes at 298.15K.   

 Fig.8.10 shows the plots of total energy versus HN1(b)…N7(a) distance for the 

9EtG neutral, anion and cation  base pairs.  Single point energy calculations were carried 

out at UB3LYP/6-31G(D) level on UB3LYP/6-31+G(D) optimized geometries by pulling 
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apart the individual bases along HN1(b)…N7(a) direction‡.  This was done by specifying 

“SCAN” keyword in the route section and keeping the geometries of the bases fixed at 

their optimized neutral, anion and cation geometries.  Figures 8.10(a), 8.10(b) and 8.10(c) 

show these plots for neutral, anionic and cationic base-pairs, respectively. 

A comparison of the plots of Figures 8.10(a), (b) and (c) shows that the anionic 

base pair has the highest dissociation energy and the neutral base pair has the lowest 

(Note the vertical scale range for all three plots are the same (25au)).  This also proves 

that the anionic base pair is the most strongly bonded base pair and the neutral base pair 

is the most weakly bonded base pair.  In neutral 9EtG base pair, when the bases are 

separated, the relaxation of electron density distribution is gradual and no longer changes 

at larger distances.  On the other hand, when 9EtG anionic and cationic base pairs are 

dissociated, the total energy gradually decreases at larger distances indicating a peak like 

behavior near 11Å.  The figures to the right, which are the expansion of the peak regions, 

show this behavior clearly.  Thus, for ionic base pairs, there is an energy barrier between 

the bonded and dissociated geometries.  The reasons for this may be (1) the neutral base 

pair initially opposed to the addition or removal of an electron, because it would change 

the hydrogen bonds between the two bases and (2) the ionic base pairs attract each other 

by a modified interaction after the electron density distribution relaxes for the new 

environment.    

 

 

                                                 
‡ Energy calculations at UB3LYP/6-31+G(D) level posed convergence problems in the SCF procedure for 
some HN1(b)…N7(a) separations in ionic base pairs. 
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Figure 8.10  The plots of cross-sections of potential energy surfaces (PES) of (a) 
neutral, (b) anionic and (c) cationic 9EtG base pairs along the N1H(b)…N7(a) 
direction.  Energies were calculated at UB3LYP/6-31G(D) level by pulling the 
individual bases apart along HN1(b)…N7(a) direction on UB3LYP/6-31+G(D) 
optimized geometries. 

(a) 

(b) 

(c) 
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Mulliken charge and spin density distributions with HN1(b)…N7(a) separations 

on molecule (a) and (b) in the 9EtG base-pair neutral, anion and cation are shown in Fig.  

8.11 and 8.12.  Those were analyzed at UB3LYP6-31+G(D) level for the geometries 

optimized at the same level.  As mentioned before, energy calculations at the UB3LYP/6-

31+G(D) level exhibited convergence problems in the SCF procedure for some 

HN1(b)…N7(a) separations in ionic base pairs.  Therefore the analyses stops at the 

separation where the problems occured.  The first point of all plots in Figures 8.11 and 

8.12 represents the charge and spin distribution of the base-pair in its optimized 

geometry. 

A very small charge of ±0.047e is localized on molecule (a) and (b) in the neutral 

9EtG base-pair in its optimized geometry and these small charges decreased upon 

dissociation.  Both molecules became neutral at 4Å separation and stayed neutral 

afterwards.  In the anion base-pair, most of the charge (-0.96e) is localized on molecule 

(a).  Upon dissociation, this charge increased slightly to –e and then decreased gradually 

after 5Å separation.  Meanwhile, the charge on molecule (b) slightly decreased and then 

increased gradually while keeping the whole base-pair negatively charged.  On the other 

hand, in the cation base-pair most of the charge (0.94e) localized on molecule (b).  There 

is a small increment at 2Å separation and rapid decrements afterwards.  At the same time, 

the charge on molecule (a) decreased slightly and then increased keeping the total charge 

of the base-pair at +e.  The charge localization on the molecules is more sensitive to the 

base pair separation in the cation than in the anion.  Similar behavior also was observed 

from spin distributions on ionic base-pairs. 
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Figure 8.11  The distribution of Mulliken charges on molecule (a) and molecule (b) in 
9EtG base-pair (a) neutral, (b) anion and (c) cation with the N1H(b)…N7(a) 
separation.  Energies were calculated at UB3LYP/6-31G+(D) level by pulling the 
individual bases apart along HN1(b)…N7(a) direction on UB3LYP/6-31+G(D) 
optimized geometries. 
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Figure 8.12  The distribution of Mulliken spin densities on molecule (a) and molecule 
(b) in 9EtG base-pair (a) anion and (b) cation with the N1H(b)…N7(a) separation.  
Energies were calculated at UB3LYP/6-31G+(D) level by pulling the individual bases 
apart along HN1(b)…N7(a) direction on UB3LYP/6-31+G(D) optimized geometries. 
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 Isotropic Hyperfine Couplings: As shown in Table 8.5, for both initial and proton 

transferred 9EtG base-pair cation radicals, the spin localized on molecule (b).  Therefore, 

the hyperfine couplings for these radicals belong to molecule (b).  Similarly, for anions, 

the spin was localized on molecule (a) for both the initial and the proton transferred 

structures.  Thus, the hyperfine couplings for anion radicals belong to molecule (a).  The 

isotropic hyperfine coupling constants for the above four radicals are listed in Table 8.9.  

For comparison, the isotropic hyperfine coupling constants for isolated radicals 

calculated at the same level of theory are shown in Table 8.10.  Here the isolated cation 

and initial cation base-pair, isolated N1-deprotonated cation and proton-transferred cation 

base-pair (from N1(b)), the isolated anion and initial anion base-pair, and isolated N7-

protonated anion and proton-transferred anion base-pair (to N7(a)) are comparable to 

each other.  Even though the isotropic hyperfine couplings of the isolated cation radicals 

and the cation base-pair radicals are somewhat similar, at the level of theory considered 

those of the isolated anion radicals and the anion base-pair radicals are significantly 

different. 

The main reason for this may be the spin distribution on the molecules.  A clear 

difference in spin distributions on the atoms of the molecules in different models was 

observed.  Although the total spin distribution in each model added up to the correct 

value (one), the spin densities on some of the atoms were very unrealistic.  Even though it 

is expected that the anions are usually better predicted with diffuse functions (“+” signs), 

for guanine, the spin distributions clearly have dominant contributions from dipole-bound 

states whenever a diffuse function is employed.22 Therefore the EPR parameters for the 
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UB3LYP/6-31+G(D) level optimized§ anionic radicals were recalculated at UB3LYP/6-

311G(2df,p) level and the results are shown in Table 8.11.   

 

Table 8.9  Calculated hyperfine coupling constants (hfcc) for the 9EtG base-pair 
radicals a,b 
 

cation base-pair c anion base-pair d

initial PT initial PT 
coupling hfcc coupling hfcc coupling hfcc coupling hfcc 

 
N2-H 
N2-H' 
C8-H 

 

 
-10.38 
 -9.98 
-22.75 

 
 

N2-H 
N2-H' 
C8-H 

 

 
-9.32 
 -8.27 
-22.29 

 

 
N1-H 
C2-HN2 
C2-H'N2 
C8-H 
N9-HC9 
N9-H'C9 

 

 
-6.00 
91.82 
 7.21 
-5.43 
 1.87 
 1.21 

 
 

N1-H 
C2-HN2 
C2-H'N2 
C8-H 
N9-HC9 
N9-H'C9 
N7-H 

 

 
22.16 
39.94 
-0.70 
2.36 
 1.24 
-0.30 
-5.96 

 
 

a hfcc’s are in MHz 
b calculated at UB3LYP/6-31+G(D) level for the optimized structures at the same level 
c couplings belong to molecule (b) 
d couplings belong to molecule (a) 

 

 

The coupling values of the isolated anion radical are substantially affected by 

including the diffuse functions.  No considerable change in the isotropic hyperfine 

couplings is observed in the others.  The coupling values to the amino protons in the 

isolated anion radical and the anion base-pair radical are some what different and this is 

because of the difference in the geometric orientation of this group in the two models.  

The differences in hffc’s of the isolated N7-protonated anion radical and the proton-

transferred anion base-pair radical are also due to the geometric orientation.  As discussed 

                                                 
§ Optimization at UB3LYP/6-31G(D) level could not find the stable structure for the proton-transferred 
anionic base pair.  The transferred proton moved back to its initial site. 
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before in the 9EtG anion base-pair section, there is a significant difference in the 

structures of these two models.   

 

Table 8.10  Calculated hyperfine coupling constants (hfcc) for the isolated 9EtG 
radicals a,b 
 

cation N1-deprotonated 
cation

anion N7-protonated anion

coupling hfcc coupling hfcc coupling hfcc coupling hfcc 
 

N2-H 
N2-H' 
C8-H 
C9-HC9 
C9-H'C9 

 

 
-8.89 
 -7.85 
-24.20 
 -1.22 
 -1.23 

 
 

N2-H 
N2-H'  
C8-H 

 

 
-5.42 
 -4.13 
-21.90 

 

 
N1-H 
C2-HN2 
C2-H'N2 
C8-H 
C9-HC9 
C9-H'C9 
C10-HC10 
C10-H'C10 

 

 
-1.86 
-3.25 
 1.32 
-0.29 
-1.07 
-1.33 
-1.39 
-1.07 

 

 
 

C8-H 
N9-H'C9 
N7-H 

 

 
66.30 
5.20 
26.58 

 

 

a hfcc’s are in MHz 
b calculated at UB3LYP/6-31+G(D) level for the optimized structures at the same level 
 

 

  

Table 8.11  Calculated hyperfine coupling constants (hfcc) for the anionic 9EtG 
radicals a,b 
 

Isolated molecule anion base-pair c

anion N7-protonated anion initial PT 
coupling hfcc coupling hfcc coupling hfcc coupling hfcc 

 
N1-H 
C2-HN2 
C2-H'N2 
C8-H 
N9-HC9 
N9-H'C9 

 
-5.91 
27.34 
20.11 
-8.47 
 4.29 
 1.90 

 
 

C8-H 
N9-H'C9 
N7-H 

 
66.58 
5.77 

26.98 

 

 
N1-H 
C2-HN2 
C2-H'N2 
C8-H 
N9-HC9 
N9-H'C9 

 

 
-6.12 
93.70 
 8.22 
-5.53 
 2.01 
 1.26 

 
 

N1-H 
C2-HN2 
C2-H'N2 
C8-H 
N9-HC9 
N9-H'C9 
N7-H 

 

 
21.65 
 39.05 
 -0.90 
  2.30 
  1.09 
 -0.37 
-6.05 

 

a hfcc’s are in MHz 
b calculated at UB3LYP/6-311G(2df,p) level for the optimized structures at UB3LYP/6-31+G(D) level 
c couplings belong to molecule (a) 
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8.4 Summary and Conclusions 

The energetics and the proton transfer within 9EtG base-pair anion and cation 

radicals in its crystallographic geometry were studied by employing DFT theory with 

UB3LYP functional and the 6-31+G(D) basis set.  The transition structure for the proton 

transfer process in the cation base-pair radical was successfully located and was 

characterized by an imaginary frequency and in IRC following calculations.  It shows 

connectivity both energetically and structurally with the initial and proton-transfer 

structures.  Even though the located transition structure for the proton transfer process in 

the base-pair anion radical has the characteristic imaginary frequency, the IRC followings 

did not connect the initial and proton transferred structures either energetically or 

structurally.  An interesting geometric distortion in the N1-C2-N3 region was also 

observed in the molecule (a) of proton-transferred anionic base-pair structure.  This 

molecule is expected to be similar to the experimentally observed N7-protonated radical 

(see Chapter 6).  Even though the other theoretical models (see chapter 9) support the 

experimental by showing a geometric distortion in N7-C8-N9 region, this model does 

not.   

The activation energies, ∆H, ∆G, and keq were also calculated with the located 

transition structure.  On the basis of these thermodynamic data, the proton transfer 

process is unfavorable even for the cationic base pair.  But initially in both ionic base-

pairs the charge and spin localized on the correct molecule (Table 8.5) to make the proton 

transfer process possible.  In anionic base-pair, charge and spin localized on molecule (a) 

making it the proton accepter and in cationic base-pair, those localized on molecule (b) 

making it the proton donor.  Therefore, it is not clear at this point if the cause is the level 
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Chapter 9 Effects of molecular environment on radical geometry and EPR 

hyperfine coupling constants: DFT calculations on radiation-induced 

9 Ethyl Guanine radicals in the solid state  

Abstract 

In this work, the influence of molecular environment on the radiation-induced 9 

ethyl guanine derived radicals was studied using ab initio density functional theory.  The 

geometries and EPR hyperfine coupling constants of the radicals were calculated using 

two space modal approaches: single molecule approach and cluster models.  The 

orientation of the radical geometries with respect to the crystal lattice in the cluster 

models was observed.  Also the total geometric deviations of each radical in different 

modal approaches were compared with the undamaged molecular geometry.  The 

calculated EPR parameters were compared with the experimental values obtained from 

the earlier study.   

 

9.1 Introduction 

Clear explanation of radiation-induced free-radical mechanisms in DNA is 

important for understanding and describing the ultimate effects of radiation on DNA.  

Guanine is the DNA base with the lowest ionization potential, and is therefore thought to 

be the initial site for oxidation among the bases.  In 9-ethyl guanine (9EtG) structure, the 

hydrogen at the N9 site of the guanine base is replaced by an ethyl group.  Upon 

irradiation of solid 9EtG, a variety of stable radicals is produced within the lattice and 
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some of these radicals were identified experimentally in a combined EPR, ENDOR and 

ENDOR-Induced EPR (EIE) study (refer Chapter 6 for details).  The hyperfine couplings 

of the identified radicals were fully characterized.  Ab initio Density Functional Theory 

(DFT)1 calculations have been carried out to calculate the proton affinities and 

deprotonation enthalpies of 9EtG molecule as well as to study proton transfer 

mechanisms within 9EtG base pairs in the crystallographic geometry (see Chapter 7 and 

8). 

The objective of this work is to explain the capability of DFT methods to describe 

the effects of molecular environment on the EPR hyperfine coupling constants of radicals 

derived from 9EtG.  It is expected that the neighboring molecules will affect the 

geometry of the radicals in the solid state and hence affect the hyperfine coupling 

constants.  Here, we have focused on DFT calculations on electron loss and electron gain 

radicals as well as the corresponding protonated and deprotonated successors.  9EtG 

crystallizes with space group symmetry P41212 ; a=10.907(1) Å and c=29.370(2) Å.2 

There are sixteen 9EtG molecules in the tetragonal unit cell: eight symmetry-related sites 

with two molecules per asymmetric unit.  These molecules are oriented approximately 

perpendicular to the a and b axes as shown in Fig.  9.1.  The two independent molecules 

in the asymmetric unit are labeled molecule (a) and molecule (b).  The total geometric 

deviation† between these two molecules is 34.3 Å2, considering all the atoms in the 

                                                 

1

( ) ( ) ( )
N

ai bi ai bi ai bi
i

r x x y y z z
=

∆ = − + − + −∑ 2 2
min( )rχ = ∆†  and ; here 2 2 2 2

, ,ai ai aix y z  are coordinates of the ith atom in the molecule (a) and , ,bi bi bix y z  are the coordinates of the 
ith atom in the molecule (b).   
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molecules and 0.07 Å2, when the ethyl group is excluded (refer Table 8.1 for selected 

geometric parameters for both molecules).   

 

c  
 

(a) 
 

 
 
 

     (b) 

Figure 9.1  Two views of 9EtG crystal structure, (a) as seen down the b-axis (b) as 
sheen down c-axis.  The reference cell edges are shown with dashed lines. 

b  

a

 

 

Figure 9.2 shows a 9EtG molecule with indication of all the hydrogen bonds from 

the crystal environment and the radiation products interested in this work.  The 

interaction N3(b)…N2H'(a) (2.73 Å) hardly qualifies as a hydrogen bond; however it is 

included as one of the neighboring molecule in our models.  Upon irradiation, the 

molecule can either capture or lose an electron to become an anion or a cation 

respectively.  Generally, the electron gain/loss forms of the molecules are not stable.  

Therefore, the electron gain molecule can protonate by taking a proton from a 

neighboring molecule (net hydrogenation) and the electron loss molecules can 

deprotonate by giving a proton to a neighboring molecule (net dehydrogenation).  With 

this molecular arrangement, there are two possibilities for the protonation and 
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deprotonation processes.  They are protonation at the O6 or N7 sites and deprotonation at 

the N1 or N2 sites.  All six radicals formed by electron addition, electron loss, the two 

different protonations after the electron addition and the two different deprotonations 

after the electron loss were considered here.   
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Figure 9.2 The 9 Ethyl Guanine (9EtG) molecule and possible radicals derived by 
various processes.  Hydrogen bonds from the crystal environment are indicated with 
dashed lines.2 
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Calculations were carried out for isolated radicals and for radicals surrounded by 

clusters of neighboring molecules.  For clusters, the environment was modeled by placing 

discrete molecules around the target radical according to the crystal’s space group 

symmetry.  The two-layer ONIOM (our N-layered integrated molecular orbital plus 

molecular mechanics method) method3-7 was used for the cluster model calculations.  

ONIOM is an extrapolation scheme and it is an economical theoretical treatment for large 

molecular systems.  Here, the system is partitioned into two layers where the part of 

interest in the system (the inner layer) is treated at a “high” level of theory and the rest 

(the outer layer) is described by a computationally less demanding method. 

 

9.2 Theoretical Considerations and Computational Methods 

Single molecule approach: The starting Cartesian geometry for the 9EtG 

molecule was obtained from the crystal structure data.2 The initial deprotonated radical 

structures were obtained by simply removing the relevant hydrogen from the 

deprotonation site and the initial protonated radical structures were obtained by adding a 

hydrogen atom to the relevant protonation site.  All systems were described within the 

unrestricted DFT1 framework by using Becke’s three parameter hybrid B3LYP 

functional.8 The geometries were optimized at split-valence 6-31G(d,p) level and the 

method of optimization was the default Berny algorithm.  Subsequent single point 

calculations for the electronic energy were performed at Pople’s triply split valence 6-

311G(2df,p) basis set to obtain the EPR parameters.  Frequency calculations for the 

optimized structures were carried out at the same level of theory as the optimizations to 

characterize the stationary points.  The NOSYMM keyword was used in the route section 
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of each step to prevent shifting or rotating the Cartesian coordinates of the radical model 

with respect to the reference frame.  In doing so, a direct link to the original crystal axes 

was preserved.  All calculations were performed for the gas phase using Gaussian 03 

(revision B.04).9 The results for these single-molecule calculations will be referred with 

9EtG1. 

Cluster model: In this approach the two-layered ONIOM3, 4 method in Gaussian 

03 (revision B.04) was used.  Here the inner layer consists of the central radical and the 

outer layer consists of the neighboring molecules from the crystal environment.  The 

inner part of the system was described within the DFT framework using unrestricted 

B3LYP functional.  The surrounding 9EtG molecules, the outer layer, were treated at the 

semiempirical AM1 level.  The cluster models of 9EtG molecules were constructed 

according to the crystal structure data. 

In the first set of calculations, a cluster model of four 9EtG molecules was built in 

agreement with the correct space group symmetry.  This model space was obtained by 

considering the central molecule and the three neighboring molecules those responsible 

for the hydrogen bonds shown in Fig. 9.2.  The results for these calculations on the four-

molecule cluster will be referred to 9EtG4.  Fig. 9.3 shows the model space for this 

cluster.  In the second set of calculations, the number of neighbors was increased to nine 

in accordance with the same space group symmetry.  Here, in addition to the three 

neighbors in the 9EtG4 model, three molecules each from the crystal layers just above 

and below the central molecule were included.  Hence, this model has a total of ten 9EtG 

molecules and the results for this cluster will be referred as 9EtG10.  Face and side views 

of this cluster are shown in Fig.9.4.  Other than the number of neighboring molecules the 
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methodology used for both cluster models are the same.  GaussView10 version 3.0 was 

used for the visualization. 

 

H'N2
N3

N7
HN1

HN2O6

HN1
N7

O6
HN2

H'N2 N3
H'N2

Figure 9.3  (a) Face and (b) a side view of the central molecule with its surrounding 
molecules in the 9EtG4 cluster model.  The hydrogen bonds are also shown in dashed 
lines. 

(b) (a) 

 

 

For the electron gain and loss radicals, the computations were done by simply 

adding a charge to the system.  For protonated radicals, the negative charge was added 

and a hydrogen ion was transferred from the neighboring molecule (HN2 or HN1) to the 

central molecule (O6 or N7) making the central radical neutral and the surroundings 

negatively charged.  Similarly for deprotonated radicals, the positive charge was added 

and a hydrogen ion was transferred to the neighboring molecule (N7 or O6) from the 
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central molecule leaving the central radical neutral and the surroundings positively 

charged.   

 

 
 
 
 

Figure 9.4 (a) A side and (b) a face view of the central molecule with its surrounding 
molecules in the 9EtG10 cluster model. 

(b) (a) 

 

 

For both clusters, full geometry optimizations were performed on the central 

radical, while keeping the coordinates of the surrounding 9EtG molecules fixed in space‡ 

at the crystallographic geometry.2 For protonated radicals, the transferred hydrogen was 

treated as an atom in the central radical and allowed to optimize at the high level.  On the 

other hand, in deprotonated radicals, the transferred hydrogen was treated as an atom in 

the neighboring molecule and optimized at low level (even though the rest of the atoms 

of that molecule were fixed at the crystallographic geometry).  During geometry 

optimization the central radical was treated at UB3LYP/ 6-31G(d,p) level and the 
                                                 
‡ or “frozen” in Gaussian terminology 
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surroundings were treated at UAM1 level.  Subsequent single point calculations for the 

electronic energy were performed for the optimized central radical structure at 

UB3LYP/6-311G(2df,p) level to obtain the EPR parameters.  To evaluate the influence of 

neighboring molecules on the EPR parameters, similar calculations were carried out for 

the full cluster.  However, due to the computational demand, full cluster calculations 

were done only for the 9EtG4 cluster.  The results of these calculations for the central 

radical and full cluster will be referred with the additional labels “(central)” and “(full)” 

respectively.  Frequency calculations for the optimized central structures were carried out 

at UB3LYP/ 6-31G(d,p) level to characterize the stationary points.  The NOSYMM 

keyword was also used in the route section of each step to preserve the relationship to the 

original crystallographic reference system.   

 

9.3 Results and Discussion 

Geometry: As discussed in section 9.2, geometry optimizations for all six radicals 

were performed using three different models.  Irrespective of the model considered, the 

central radical was always treated at the same level of theory.  As shown in Fig.9.2, let us 

name the electron gain radical as R1, electron loss radical as R2, N7-protonated radical as 

R3, N1-deprotonated radical as R4, O6-protonated radical as R5 and N2H-deprotonated 

radical as R6.  Even though, R5 and R6 converged successfully in the single-molecule 

case, they did not stabilize at the level of theories considered in the cluster models.  That 

is the transferred proton (to the O6 site in both cases) always returned to its original 

position (the N2H site).  Therefore, the results for these R5 and R6 radicals will not be 

included here.   
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electron loss 

 
 

 
 
 
 

N7-
hydrogenation 

 
 

 

 
 
 
 

N1-
dehydrogenation 

Figure 9.5 Face and edge views of optimized geometry for (a) electron gain, (b) electron 
loss, (c) N7-hydrogenated and (d) N1-dehydrogenated radicals in 9EtG single molecule 
approach. 

(a) 

(b) 

(c) 

(d) 
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Face and edge views of the optimized structures of the other four radicals are 

shown in Fig.9.5 for the 9EtG1model.  The purine ring and the amino group in the crystal 

structure of 9EtG are almost planar.  Even when 9EtG loses an electron, this geometry 

remains unchanged.  A similar behavior was observed for the N1-deprotonated radical 

also.  On the other hand, in the 9EtG electron-gain radical, the amino group is 

significantly non-planar and there is an observable distortion in the N1-C2-N3 region.  

Upon protonation at N7, this distortion disappears having only a slight non-planarity of 

the amino group.  In addition, a considerable distortion occurs in the N7-C8-N9 region of 

the N7-protonated structure.  All these geometric behaviors were observed in the single-

molecule approach and it is worthwhile to see the influence of neighboring molecules on 

the radical geometry. 

Face and edge views of the optimized radical geometries from the 9EtG4 model 

are shown in Fig.9.6.  As discussed before, only the neighboring molecules that are 

hydrogen bonded to the central radical were considered here.  The edge views of Fig.9.6 

show the radical geometry with respect to the crystal structure.  Since the neighboring 

molecules were fixed at their crystallographic geometry during the optimization, they act 

as the reference frame for the radical structure.  Clearly, significant reorientations of the 

radical geometries occurred during the optimization.  For the electron gain radical, even 

though there is non-planarity in the amino group, the reorientation is less than in the 

single molecule case.  Both electron loss and N1-dehydrogenated radicals are planar in 

the single molecule case, but the slight non-planarity of the amino group is enhanced in 

the N1-dehydrogenated radical of the 9EtG4 cluster approach.  The N7-hydrogenated 

radical has the least reorientation with respect to the crystal geometry.  The main 
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observable difference between the 9EtG1 and 9EtG4 models is the orientation of N7H: it 

bends into the plane in the former and is out of the plane in the latter. 

 Whether or not a molecule in the real crystal lattice can undergo the considerable 

geometric reorientation described like above is a question here.  To answer this, the 

9EtG10 cluster model was employed.  In addition to the three neighbors in the 9EtG4 

model, the 9EtG10 cluster was composed of three molecules each from the crystal layers 

just above and below the central molecule.  The face and edge views of optimized radical 

geometries in 9EtG10 cluster model are shown in Fig.9.7.  From the edge views of the 

radical geometries, it can be clearly seen that the inclusion of top and bottom layers of 

neighboring molecules significantly restricted the reorientation of the radical geometries 

with respect to the crystal lattice.  Therefore, radical orientations in 9EtG10 model with 

respect to the reference frame differ considerably from those in the 9EtG4 model.  The 

electron gain and the N7-hydrogenated structures still managed to reorient significantly 

with respect to the crystallographic geometry.  Slight bending of guanine ring with 

respect to the crystal plane is also observed in the electron gain and N1-dehydrogenated 

structures.  C8H of the N7-hydrogenated radical bends into the plane in 9EtG10 model 

and it comes out in other two models.  In cluster models, both N7H and C8H of this 

radical bend to the same side of the ring plane and those in single molecule approach 

bend to opposite sides of the ring plane.   
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igure 9.6 Face and edge views of the optimized geometries for (a) electron gain, (b) 
lectron loss, (c) N7-hydrogenated and (d) N1-dehydrogenated radicals in 9EtG4 
luster model. 

) electron gain 

) ele tron loss c

) N7-hydrogenation 

) N1-dehydrogenation 



 210

  

  

  

 
 

 
 

. 

 

 

 

 

Figure 9.7 Face and edge views of the optimized geometries for (a) electron gain, (b)
electron loss, (c) N7-hydrogenated and (d) N1-dehydrogenated radicals in the 9EtG10
cluster model

(a) electron gain

(b) electron loss

(c) 7-hydrogenation N

(d) N1-dehydrogenation
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The discussion so far has focused on the observable geometric distortions of the 

radical geometries and the way they orient with respect to the crystal lattice.  Table 9.1 

shows the total geometric deviations§, χ2 of the central radical geometries with respect to 

the crystallographic geometry (undamaged molecule) for the three models considered in 

this work.  To calculate the χ2 between a radical geometry and the crystal geometry, only 

the common atoms for both molecules were considered.  For example, to compare the 

undamaged and N7 protonated molecules N7H of the N7 protonated structure was not 

considered.  Also to compare the undamaged and N1 deprotonated molecules, N1H of the 

undamaged molecule was ignored.  Computations were first done excluding the ethyl 

group because the free rotation of the methyl part in the ethyl group may introduce 

discrepancies to the results.  However, for completeness the deviations including the 

ethyl group were also calculated and those values are given inside the parentheses in 

Table 9.1. 

 For all models considered, the electron loss and N1-dehydrogenated radicals have 

the least deviations with respect to the crystal geometry; of all these, the values are least 

for the 9EtG10 cluster model.  Electron gain radical in the single molecule approach has 

the highest deviation and the value decreased substantially upon including the 

neighboring molecules.  This can be easily understood by the different orientation and 

planarity of the amino group in the three models and the group became less non-planar in 

the cluster models.  The reason for this may be the hydrogen bonds from the crystal 
                                                 

2)z

i

§  and ; here 2 2 2
0 0 0

1

( ) ( ) (
N

i i i i i i
i

r x x y y z
=

∆ = − + − + −∑ 2 2
min( )rχ = ∆

0 0 0, ,i ix y z  are coordinates of the ith atom in the undamaged molecule (reference molecule) and 

, ,i i ix y z  are the coordinates of the ith atom in the radical to be compared.   
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neighbors limit the rotation around the C2-N2 bond.  The N7-hydrogenated radical in the 

9EtG10 cluster has the next highest value but has no clear behavior to the models 

considered.  As expected, inclusion of ethyl group increased the χ2 values. 

 

Table 9.1 Total geometric deviationa, χ2 for optimized geometries of different 
9EtG radicals in various model systems from the crystallographic geometry2  

χ2 (Å2)b,c 
radical 9EtG1 9EtG4 9EtG10 

 
electon gain 
electron loss 
N7-hydrogenation 
N1-dehydrogenation 

 

 
2.38 (3.74) 
0.15 (0.33) 
0.40 (1.07) 
0.16 (0.40) 

 
0.35 (1.82) 
0.17 (0.40) 
0.31 (1.77) 
0.16 (0.50) 

 
0.32 (0.55) 
0.09 (0.40) 
0.63 (2.02) 
0.09 (0.36) 

a  to calculate χ2 all the atoms common for both molecules were considered 
b  values in parentheses are the calculated χ2 values with the ethyl group 
c  see the text for the definition of χ2

 

 

 

 EPR parameters: For all optimized geometries, the EPR parameters for the 

central radicals and for the full cluster in 9EtG4 model are shown in Table 9.2 along with 

the available experimental values.  As discussed before, the central molecule was treated 

at the same level of theory in all the models considered. 

 The EPR parameters for the anionic radical in the EtG4 “central” and “full” 

computations are substantially different.  This can happen because in the “full” model, 

the free electron is free to delocalize among all four molecules.  Considerable amounts of 

spin densities were observed on the three neighboring molecules and only 11% of the 

total spin density was observed on the central molecule.  On the other hand, in the 

“central” model, spin density has to localize only in the central radical.  Surprisingly, the 
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differences in the “full” and “central” models for the other three radicals are not that 

large.  For both electron loss and N1-deprotonated radicals, only the C8H coupling shows 

a significant deviation.  Meanwhile, only the isotropic value of the N7H coupling 

(coupling to the added proton) of the N7-protonated radical is different in two 

approaches.   

The EPR parameters for the electron gain product are highly dependent on the 

computational model.  The values obtained by the EtG4 models are very different from 

the values obtained by the other two models.  The values obtained by EtG1 and 

EtG10(central) approaches are almost comparable except for the N2H coupling.  None of 

the computational models reproduced the experimental values for the amino group in the 

electron loss radical.  Similarly, all approaches gave positive isotropic value for the N7H 

coupling in the N7-protonated radical.  Its experimental value is negative and only the 

EtG10(central) model gives a small positive isotropic value. 
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Table 9.2 Calculated EPR parameters for different 9EtG radicals using different 
models  

EtG4 EtG10 EtG1 
central    full  central 

    Experiment  

Aiso Adip  Aiso Adip  Aiso Adip  Aiso Adip  Aiso Adip
 

electron gain 
 

N1H 
 

 
-5.13 

-7.67 
-4.59 
12.26 

 
64.93 

-8.49 
-6.23 
14.73 

 
7.29 

-2.71 
-1.81 
 4.53 

 
-5.66 

-6.37 
-2.13 
 8.50 

  

           

 
N2H 

 

 
91.80 

-5.31 
-2.28 
 7.59 

 
26.88 

-7.58 
-2.59 
10.17 

 
2.31 

-2.85 
-1.46 
 4.31 

 
44.34 

-6.15 
-3.80 
 9.96 

  

           

 
N2H' 

 

 
6.31 

-5.76 
-4.36 
10.12 

 
4.77 

-3.96 
-1.37 
 5.33 

 
-0.16 

-1.01 
-0.07 
 1.08 

 
7.74 

-4.69 
-1.21 
 5.91 

  

           

 
C8H 

 

 
-6.29 

-3.92 
-0.07 
 4.00 

 
1.85 

-1.18 
 0.21 
 0.97 

 
-0.04 

-0.21 
-0.09 
 0.30 

 
-8.11 

-4.48 
-0.73 
 5.21 

  

           

 
C9H 

 

 
2.28 

-1.50 
-0.64 
 2.14 

 
4.94 

-1.15 
-0.71 
 1.87 

 
0.19 

-0.25 
-0.10 
 0.35 

 
4.66 

-2.58 
-0.12 
 2.70 

  

           

 
C9H' 

 

 
1.03 

-0.90 
-0.67 
 1.57 

 
-0.19 

1.00 
0.66 
1.66 

 
-0.09 

-0.16 
-0.14 
 0.30 

 
2.80 

-2.11 
-1.24 
 3.36 

  

electron loss 
 

N2H 
 

 
-8.08 

-6.26 
-1.63 
 7.90 

 
-7.59 

-6.16 
-1.71 
 7.87 

 
-5.24 

-4.16 
-1.46 
 5.62 

 
-1.53 

-5.85 
-2.07 
 7.92 

 
-11.68 

-10.28 
-2.01 
12.29 

           

 
N2H' 

 

 
-7.04 

-3.72 
-2.57 
 6.30 

 
-6.77 

-3.61 
-2.62 
 6.24 

 
-5.09 

-2.90 
-2.01 
 4.91 

 
-1.54 

-3.73 
-2.95 
 6.69 

 
-11.74 

-6.78 
-2.29 
9.07 

           

 
C8H 

 

 
-22.11 

-12.70 
 -1.39 
 14.10 

 
-21.89 

-12.45 
 -1.42 
 13.87 

 
-10.29 

-5.50 
-1.16 
 6.67 

 
-19.05 

-11.05 
 -1.40 
 12.46 

 
-18.62 

-9.24 
-1.12 
10.35 

N7- hydrogenation 
 

 
C8H 

 

 
71.58 

-22.65 
 -2.91 
 25.56 

 
54.60 

-22.12 
 -2.52 
 24.64 

 
54.35 

-21.61 
 -3.66 
 25.28 

 
65.97 

-22.17 
 -2.43 
 24.61 

 
58.98 

-19.85 
-0.69 
20.54 

           

 
N7H 

 

 
31.99 

-12.56 
 -7.41 
 19.97 

 
13.80 

-11.87 
 -5.60 
 17.47 

 
7.16 

-11.65 
 -6.65 
 18.31 

 
2.59 

-12.20 
 -5.78 
 17.99 

 
-13.55 

-12.28 
-1.31 
13.59 

           

 
C9H' 

 

 
5.14 

-3.23 
-2.64 
 5.88 

 
5.12 

-3.15 
-2.60 
 5.75 

 
2.79 

-3.00 
-2.35 
 5.35 

 
5.77 

-2.50 
-2.12 
 4.62 

 
3.08 

-2.35 
-1.93 
4.28 

N1- dehydrogenation 
 

 
N2H 

 

 
-4.40 

-3.44 
-1.34 
 4.78 

 
-4.33 

-3.18 
-1.30 
 4.49 

 
-7.50 

-5.94 
-1.83 
 7.77 

 
-3.41 

-2.98 
-1.32 
 4.30 

  

           

 
N2H' 

 

 
-3.16 

-2.36 
-0.91 
 3.27 

 
-3.05 

-2.36 
-0.68 
 3.05 

 
-6.68 

-3.57 
-2.64 
 6.21 

 
-1.76 

-2.54 
-0.57 
 3.12 

  

           

 
C8H 

 

 
-19.89 

-11.72 
 -0.72 
 12.44 

 
-20.76 

-11.84 
 -0.78 
 12.62 

 
-15.37 

-8.22 
-1.55 
 9.77 

 
-20.33 

-11.63 
 -0.79 
 12.43 
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9.4 Conclusions 

The geometries and hyperfine coupling constants of radicals derived from 9-ethyl 

guanine have been computed using density functional theory in both single molecule and 

cluster models.  The calculated results have been compared with the experimental values 

obtained from x-irradiated single crystals of 9EtG at 6K.  Computed results from both 

electron gain and N7-hydrogenation radicals show significant geometric reorientations 

with respect to the crystal lattice; as well they indicate large geometric distortions with 

respect to the undamaged molecule (crystal geometry).  These two radicals managed to 

reorient even with inclusion of the neighboring molecules.  For electron gain and N1-

deprotonated radicals the deviations are small.   

The EPR parameters for the electron gain radical is highly dependent on the 

computational model considered.  In general, considering “full” cluster for the EPR 

calculations did not produce better results.  Instead it gives very unrealistic results for 

electron gain radicals.  However, EPR calculations of the central radical from the cluster 

based optimized structure produce better results.  Even though it was expected to have 

the best agreement between the experimental and 9EtG10 cluster model, surprisingly for 

the two radicals compared here do not show a better conformity.  In other words, the EPR 

results from 9EtG1 model were not any worse than the results from the cluster models.  

However, geometric results from the cluster models support the idea of having 

significantly reoriented structures in the real crystal system. 
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Chapter 10 Summary and General Conclusions 

Studies with irradiated single crystals of sodium salt of guanosine dihydrate show 

at least four radical species to appear in the temperature range of 6K to room temperature.  

Three of these radicals (Radicals R1, R2, and R3) were present immediately after 

irradiation at 6K and the fourth radical R4 was observed after warming the crystals to the 

room temperature.  The radicals were identified as R1: the product of net hydrogen 

addition to N7, R2: the product of electron loss from the parent molecule, R3: the product 

of net hydrogen abstraction from C1' of ribose group and R4: the C8-H addition radical.  

The DFT1 based computational results agreed well with these radical assignments and 

their coupling values.  These radical structures are shown in Schema 10.1.  The estimated 

relative radical concentrations obtained from the EPR spectrum simulations are R1=60%, 

R2=27% and R3=13%.   

Similar studies with irradiated single crystals of 9 ethyl guanine also show at least 

four radical species to appear in the temperature range of 6K to room temperature.  Three 

of these radicals (Radicals R1, R2, and R3) were present immediately after irradiation at 

6K and the fourth radical R4 was observed immediately after irradiating the crystals at 

room temperature.  The radical R1 was identified as the product of net hydrogen addition 

to N7 and R2 was identified as the product of electron loss from the parent molecule.  

Due to insufficient experimental data radical R3 in 9EtG was left unassigned and R4 was 

the well-known C8-H addition radical.  The DFT based computational results also agreed 

well with these radical assignments and their coupling values.  The radical structures for 

irradiated 9EtG crystals are shown in Schema 10.2.  The estimated relative radical 
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concentrations obtained from the EPR spectrum simulations are R1=19%, R2=65% and 

R3=16%. 
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Schema 10.1 Structures of radicals observed in irradiated single crystals of 
Na+.Guanosine-.2H2O. 
 

 

Radical R1, observed in both systems, exhibits an unusual set of hyperfine 

couplings to HC8 and HN7, the added hydrogen.  The couplings indicate considerable 

geometric distortion of the molecule in the N7-C8-N9 region, a conclusion supported by 

DFT calculations and the measured hyperfine couplings also reflect this geometry.  The 

bendings are extensive enough to make the normally-negative isotropic couplings 

become positive.  The hydrogen bonding systems in these crystals provide the origin and 
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destination of protons for this N7-protonated radical.  The nature and structure of R1 are 

interesting because its chemical form may be like that of a main intermediate in the 

formation of 8-oxoguanine from in DNA.  However, the detection of this radical was not 

reported in earlier guanine studies.  Radical R2, the product of electron loss from the 

parent molecule, was also observed in both systems.  R2 is interesting since its chemical 

form is like that proposed for the initial proton-transfer product of guanine oxidation.  

Detection of this type of radical was also reported in previous guanine studies.2-4 Radical 

R3, in Na+.Guanosine-.2H2O is the product of net hydrogen abstraction from C1' of ribose 

group and was also reported in an earlier guanine work.5 Radical R4, also detected in 

both systems, was also observed in previous guanine studies.5-10 
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Schema 10.2  Structures of radicals observed in irradiated single crystals of 9EtG. 
 

 

The mechanism for formation of above radicals R1 (observed in both crystals) 

and R3 (observed in Na+.Guanosine-.2H2O) is expected to be by electron addition and 

electron loss followed by a proton transfer, respectively.  Even though the hydrogen 
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bonding systems in the crystals provide the origin and destination of protons for these 

radicals, the proton transfer mechanism depends on the proton affinity of the acceptor and 

the deprotonation enthalpy of the donor atoms.  DFT based computations supported the 

formation of above radicals in the proton affinity and deprotonation enthalpy 

consideration basis.   

The study based on proton transfers between 9EtG base-pair anion and cation 

radicals did not produce satisfactory results.  However, the charge and spins on the 

molecules were localized as expected.   In this analysis only the proton transfer from 

molecule (b) to molecule (a) was considered.  Additional work has to be done to draw a 

final conclusion about the energetic favorability of the proton transfer processes and the 

capability of these calculations to describe the proton transfer processes.  Therefore, it 

will be worth to test the proton transfer behavior at a different level of theory or at the 

same level of theory on a different model which has additional 9EtG molecules.  Further, 

the similar study can be extended to the Na+.Guanosine-.2H2O crystal system. 

Furthermore the geometries and hyperfine coupling constants of 9EtG derived 

radicals were computed using DFT in both single molecule and cluster models.  Even 

though the EPR parameters for experimentally observed radicals (R1 and R2) in 9EtG do 

not depend significantly on the computational model considered, geometric results from 

the cluster models support the idea of having significantly reoriented structures in the real 

crystal system.  On the other hand, the EPR parameters for the electron gain radical are 

highly dependent on the computational model considered.  This study also can be 

extended to the Na+.Guanosine-.2H2O crystal system. 
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