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The optical spectra of 5-methylcytidine in three different solvents (tetrahydrofuran, acetonitrile 

and water) is measured, showing that both the absorption and the emission maximum in water 
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are significantly blue-shifted (0.08 eV). The absorption spectra are simulated based on CAM-

B3LYP/TD-DFT calculations, but including solvent effects with three different approaches; (i) a 

hybrid implicit/explicit full Quantum Mechanical approach, ii) a mixed QM/MM static approach; 

iii) a QM/MM method exploiting the structures issuing from Molecular Dynamics classical 

simulations. Ab-Initio Molecular dynamics simulations based on CAM-B3LYP functionals have 

also been performed. The adopted approaches all reproduce the main features of the 

experimental spectra, giving insights on the chemical-physical effects responsible of the solvent 

shifts in the spectra of 5-methylcytidine and providing the basis for discussing advantages and 

limitations of the adopted solvation models.  
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1. INTRODUCTION.  

The biological relevance of the interaction between DNA and ultraviolet radiation, a process that 

can lead to pernicious consequences for living organisms, gives account of the many 

experimental and theoretical works studying the optical spectra of nucleobases, which are 

responsible for the spectroscopic properties of DNA in UVC-UVA range.1-8 Though most of the 

computational contributions tackled the gas phase properties, there are several studies also in the 

condensed phase –essentially in water- and for most of the nucleobases there is nowadays a 

fairly good understanding of solvent effect on the lowest energy excited electronic states, e.g. 

their energy ordering in the Franck-Condon (FC) region, their fluorescence minima and so on.2, 6 

In this respect, cytosine9, 10 and, even more, its derivative 5-methylcytosine have been 

investigated less-thoroughly in the condensed phase. 5-methylation of cytosine is the most 

common epigenetic modification in the DNA, extensively highlighted in molecular biology.11-15 

This modified nucleobase is frequently present in mutational hotspots, i.e. DNA-sequences more 

prone to spontaneous mutation than expected from a random distribution.16 Although 5-

methylcytosine replaces only ~1-5% of cytosine (C) DNA residues,17 it was found to be 

correlated with ~30% of points mutations.16, 18, 19 Besides the possible role of deamination 

processes,15, 20 hotspots containing 5-methylcytosine are up to 5 to 15-fold more sensitive to 

pyrimidine photodimerization upon ultraviolet irradiation compared to C.21-23 The steady-state 

and Time-resolved (TR) spectroscopic properties of 5-methylcytosine have been tackled by 

several studies.24-27 From a theoretical point of view, other C derivatives have received more 

attention27-34 and the works on 5-methylcytosine are instead scarce and limited to the gas phase.31, 

35, 36 Eventually, it is also apparent that interaction with the environment (including the solvent as 

well as the sugar moiety) is mandatory to appreciate and understand all the effects recorded in 

vivo. 

As a first step of a general assessment of the excited state dynamics of C derivatives in solution, 

here we report a study of the absorption and (for the first time) emission spectra of 5-

methylCytidine (5mCd) in different solvents, namely tetrahydrofurane (THF), acetonitrile 

(ACN), and water (WAT).  The experimental spectra are compared with those obtained by using 

three different methodological approaches (see next section), always exploiting Time-Dependent 

(TD)DFT and CAM-B3LYP functional for the QM part; i) a static full QM method, based on 

QM geometry optimizations of 5mCd (or of a cluster including a small number of water 
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molecules) and considering bulk solvent effect by a continuum solvation model as the 

Polarizable Continuum Model (PCM), ii) a static QM/MM method, based on QM/MM geometry 

optimizations and where solvent effect is treated at the MM level and iii) a dynamical QM/MM 

method, where Molecular Dynamics (MD) simulations provide the structures to be used in 

QM/MM single point calculations. A critical comparison among the predictions of all these 

approaches is the second, important, goal of the present study.          

Properly considering solvent effect in photo-activated processes is extremely important since it 

can govern the interplay between the different excited states and modulate the shape of their 

Potential Energy Surface (PES), including the energy barrier for non-radiative ground state 

recovery.9, 10, 37, 38 Due to the capability of the solvent to alter the chemical behavior of 

molecules,39 the study of solvent effects has gained attention already several decades ago40 and 

within many research areas (proteins41, molecular recognition42, nanotechnology43…); 

nonetheless understanding the molecular basis for solvent effects can be still considered a 

challenging problem for chemical research.44 For what concerns inclusion of solvation in 

computational methods2, 45 several different methods has been proposed until now.  Among the 

most commonly used approaches, we can distinguish implicit/continuum46-50 as the PCM48, 49 and 

explicit models51, 52, often exploiting MD simulation to obtain a proper averaging of the position 

of solvent molecules.53, 54 Combinations between these approaches, as the mixed 

discrete/continuum approaches have also been applied, providing a fairly accurate description of 

solvent-solute interactions,2, 9 and have been also successfully applied to nucleobases. 2, 55-57 On 

the other hand, it is clear that each approach has its own advantages and limitations, and that 

synoptical studies can provide useful insights.  The number of detailed studies comparing these 

methods are limited and most of them focused on water,9, 58 whereas the organic solvents have 

received much less attention.59, 60 Thereby, besides the intrinsic biochemical relevance of 5mCd 

(including the effect of the sugar ring), our study is of methodological interest, since it is one of 

the first documenting THF and ACN solvation boxes in MD simulations. 

2. METHODS  
2.1. The simulation of the absorption and the emission spectrum  

From a computational point of view, three different approaches have been used to model how the 

absorption spectrum of 5mCd (5-methylcytidine was considered throughout this study, Figure 1) 

changes in different solvents.  
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A) Static QM/PCM approach. We first optimized the ground state geometry of 5mCd, using 

the PCM/CAM-B3LYP/6-31G(d) level of theory. Considering the relative orientation of the 

sugar and the purine rings, two main different conformers are possible, syn and anti (see Figure 

S3). According to our MD simulations both conformers are present in solution at room 

temperature, thus contributing to the optical spectra. In order to get a more meaningful 

comparison between the results of the different approaches, we have therefore optimized and 

computed the spectra for both conformers. As discussed in the SI, in general, our conclusions do 

not qualitatively depend on the choice of the conformer. For a sake of concision, in the main text 

we shall mainly discuss the results concerning the anti conformer. The vertical absorption 

energies (VAE) for the first 10 excited states have been computed at the PCM/TD-CAM-

B3LYP/6-31G(d) level. Only bulk solvent effects have been included for THF and ACN, 

whereas for WAT we resorted to a mixed procedure explicitly considering four water molecules 

of the first solvation shell, WAT+4�H2O (see Figure 1a for the specific position on the water 

molecules), which will be our reference model for water. According to our previous experience, 

inclusion of explicit H2O molecules into the first solvation shell is indeed important to accurately 

account for its hydrogen bonding activity and its effects on the different electronic excited 

states.55, 61 This procedure provides the VAE (the so called ‘stick spectra’), while vibrationally 

resolved spectra, can be obtained by using the effective time independent (TI) and TD 

approaches described in detail (FCclasses)62, based on Hessian computations for the different 

states of interest.  On the other hand, our previous study on C63 shows that the computed 

absorption spectrum is broad (~0.7eV) and featureless already in the gas phase and at 0 K. As a 

consequence, in this paper, for a sake of simplicity and in order to avoid the possible artifact due 

to the choice of the computational model for the solvent,64 we avoid the explicit computation of 

vibrationally resolved spectra and we simply apply a phenomenological broadening (0.35 eV) to 

each VAE, which reproduce the width of the lowest energy absorption band in the gas phase and 

enables an easier and direct comparison with experiments.  Please note that this value, which 

does not include solvent inhomogeneous broadening65 or the effect of temperature, has to be 

considered a lower estimate compared to the experimental one. Furthermore, inclusion of 

vibronic effects does not simply induce a broadening of the spectrum but also a shift of the 

maxima.66Analytical expressions for the first-moment M1 of the normalized absorption line 
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shows that, since the excited state frequencies are lower than the ground state one, we can expect 

a systematic red-shift of the computed absorption maximum with respect to the Vertical 

Excitation Energy; vibrationally resolved calculations on several representative molecules 

provide red-shifts of 0.1~0.3 eV.66 For what concerns cytosine derivatives, the maximum of the 

computed vibrationally resolved spectrum of the keto-amino tautomer of Cyt in the gas phase at 

room temperature is indeed shifted by -0.2 eV with respect to the Vertical Excitation Energy.63 

Such a red-shift is missing in the spectra computed here.66           

B) Static QM/MM approach. A similar procedure to the one described in A) was followed in this 

case, but using an explicit solvation model, i.e. considering movable solvent MM molecules 

within a radius of 5.5 Å respect to any QM atom included in our model, while leaving the rest of 

the solvent box frozen along the optimization procedure. Test calculations in water starting 

geometry optimizations from a different cluster do not provide significantly different absorption 

and emission energies (see ESI). After ground state geometry optimizations (for both syn and 

anti conformers) at the CAM-B3LYP/6-31G(d)/MM level, we have calculated the VAE for the 

first 10 excited states at the TD-CAM-B3LYP/6-31G(d)/MM level. Also in this case the same 

phenomenological broadening (0.35 eV) was applied to each VAE to simulate the absorption 

spectrum.  

C) Dynamic QM/MM MD approach. First, we have run MD simulations of 5mCd in WAT, ACN 

and THF for 100 ns using Amber force fields (see section 2.2). Then, a total of 200 snapshots 

were extracted from these dynamics (one snapshot every 500 ps). This approach delivers most of 

the snapshots presenting syn conformation (since it is the predominant conformer along the MD, 

see Figure S3) but also some anti and intermediate snapshots are present. TD-CAM-B3LYP/6-

31G(d)/MM single point calculations were performed on top of each snapshot to compute the 

VAE. To this aim, the COBRAMM package67 was used and different layers were defined into 

our calculations, see Figure 1b.  The high layer (HL) includes the whole 5mCd molecule, the 

medium layer (ML) contains all the WAT/ACN/THF molecules within a radius of 5.5 Å respect 

to any HL atom and the low layer contains the rest of the solvent bulk. In order to get some 

insights on the dependence of the spectra computed by model C on the use of MM geometries 

for 5mCd, we have also run MD simulations freezing the geometry of 5mCd at the structure 

provided by PCM/CAM-B3LYP/6-31G(d) geometry optimizations, and then computed the 

spectra (see Figure S7 of the ESI) by using the same procedure just described (model C’). 
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For what concerns the emission spectra in solution, we have limited our study to the static 

approaches, (A) QM/PCM and (B) QM/MM, proceeding as described above for the absorption 

process, but optimizing the first excited state (S1(ππ1
*)) either at the QM/PCM and QM/MM 

levels (QM:TD-CAMB3LYP/6-31G(d)), (see Figure S1).  

 

2.2. Computational Details. 

QM Calculations: The ground and excited state minima of 5mCd were optimized by means of 

time-dependent density functional theory (TD-DFT), using the CAM-B3LYP68 functional 

combined with the 6-31G(d)69 basis set. The absorption spectra at the ground state optimized 

geometry were simulated using the same functional and basis set, however the effect of 

increasing (up to 6-311+G(2d,2p)) the basis set has been tested. To model the solvent bulk 

effects (THF, ACN and WAT) a polarizable continuum model (PCM)49, 70 was used.   

AIMD calculations: Ab Initio Molecular Dynamics (AIMD) were run using the using the Atom 

Centered Density Matrix Propagation71 molecular dynamics model as implemented in 

Gaussian09. Due to the large computational cost of this simulations we have used CAM-B3LYP 

combined in this case with a smaller basis set 6-31G. All QM calculations were performed with 

Gaussian09 program. 72  

MD simulations: Molecular dynamics simulations were carried out employing the f99 force field 

as implemented in the AMBER 11 package.73 The different systems under study contained the 

nucleoside moieties (described by non-standard residues generated with Antechamber) 

surrounded by cubic solvent boxes of 12 Å, employing TIP3P74 for explicit water molecules and 

the gaff force field for ACN and THF.75 The entire systems were heated from 0 to 300 K for 1 ns 

at constant volume and pressure (1 atm), and then a production run was performed for 100 ns 

recording the snapshots every 200 fs. Cluster analysis based on a Root Mean Square (RMS) 

coordinate deviation analysis was performed over all recorded snapshots employing a 2.0 Å 

difference as implemented in the MMTSB toolbox (see Figure S3). Similarly to what has been 

previously done for similar systems,76 one main cluster was located and the snapshot with the 

closest geometrical parameters to the centroid of the average of the structure was selected (syn 

conformer, see SI for further details).   
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Figure 1. Representative schemes for 5-methylcytidine (5mCd) molecule used in a) QM WAT+4�H2O and b) 

QM/MM calculations: low layer (LL) water molecules in sticks, medium layer (ML) water molecules in tubes and 

high layer (HL) 5-methylcytidine in ball&sticks. See a) for 5-methylcytidine atoms labeling. 

 

QM/MM Calculations: The COBRAMM interface67 was employed to connect the QM 

(Gaussian09)72 and MM (Amber)73, 77 regions employing an electrostatic embedding approach.78 

To this end, three different layers were defined: a high layer containing the QM region (5mCd), a 

medium layer enclosing all movable solvent molecules within a 5.5 Å radius, and a low layer 

that contains the rest of the MM atoms that remain frozen during the simulations. QM/MM 

optimizations were carried out employing Gaussian0972 package. 
2.3. Experiments 

Materials. The 5-methylcytidine (purity: >99%) was obtained from Fluorochem and it was used 

as received. Acetonitrile (ACN) and tetrahydrofuran (THF) were obtained from Merck (UVAsol 

grade) and were used without further purification. Aqueous solutions were prepared using 

Millipore water (Milli-Q Synthesis).  

Steady-state spectroscopic measurements. Absorption and fluorescence spectra were recorded 

with a Perkin Lamda 850 spectrophotometer and a Fluorolog-3 (Horiba, Jobin-Yvon) 

fluorimeter, respectively using 1×1 cm quartz cells (QZS). For the fluorescence measurements 
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the excitation source was a 450 W Xe-arc lamp. The emission was detected at right-angle 

configuration, the recorded spectra were corrected for the response of the detection system. Due 

to the low fluorescence quantum yield of 5-methylcytidine, the emission of the solvents was not 

negligible compared to the fluorescence intensity. Therefore, their contributions were subtracted 

from the fluorescence spectra. For the fluorescence quantum yield measurements thymidine 

monophosphate (TMP) was used as a reference (φfluo = 1.54 × 10-4)79 instead of the widely used 

quinine sulfate dihydrate solution,80 because of its more similar fluorescence quantum yields and 

spectra. 

 
3. RESULTS.  

3.1 Absorption Spectra.  

Figure 2 shows the experimental and calculated spectra obtained with the three procedures 

described above. The experimental absorption spectrum of 5mCd in water (black line, Figure 2) 

presents three main bands, placed at 278 nm (hereafter labeled as band I), 242 nm (band II) and a 

high-energy band below 200 nm (band III). Band II is the less intense one (ca. 80% of band I), 

whereas band III is significantly more intense than the other two. The maximum of the lowest 

absorption band of C in water falls at ~270 nm, indicating that methyl substitution leads to a red 

shift of ~8 nm of the lowest energy bright transition (see the section ‘Discussion’ below).  

 

A) Static QM/PCM. The WAT+4�H2O absorption spectrum is depicted in Figure 2a in black. 

This calculation indicates that three main bright ππ* transitions (S1(ππ1
*), S4(ππ2

*), S6(ππ3
*)) are 

responsible for the three main peaks at 241 nm (5.13 eV), 205 nm (6.03 eV) and 189 nm (6.54 

eV), reproducing the relative intensity of the bands I, II, and III in the experimental spectrum, but 

for a small overestimation of band II intensity (~98% of band I). Figure 3 reports the molecular 

orbitals more involved in these transitions. From a quantitative point of view, the computed 

spectra are uniformly blue-shifted by ~0.6 eV with respect to the experimental one. However, 

this discrepancy is reduced by increasing the basis set to 6-311+g(2d,2p) (251 nm (4.93 eV)), 

leading to a residual difference ~0.4 eV, which is mainly due to the lack of vibronic and 

temperature effects, as compared to the spectra computed in the gas phase.66 At difference with 

the experiments, static QM/PCM approach does not predict any absorption between band I and 

II.  
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B) Static QM/MM (Figure 2b, black line). This method predicts the absorption maximum for 

band I at 244 nm (5.08 eV) slightly improving the value recovered in A. However, in this case 

band II is blue shifted towards 196 nm (6.31 eV) overlapping with band III (184 nm, 6.72 eV), 

leading to band-shapes in qualitative disagreement with the experiment. 

C) Dynamic QM/MM MD According to this procedure (black line in Figure 2c), the absorption 

maximum for band I is placed at 268 nm in WAT, while bands II and III lie at 220 and 190 nm. 

The computed absorption maxima are thus in agreement with the experimental evidence, 

notwithstanding also this approach relies on CAM-B3LYP/6-31G(d) calculations for the QM 

part (see the Discussion below). The intensities are also fairly well reproduced, except for a 

small underestimation of the predicted intensity of band II (∼60% of band I). Interestingly, this 

approach predicts some absorption at ∼270 nm, i.e. between band I and II, reducing the 

discrepancy with respect to the experiments.  

Assigning the contributing state to each band in this dynamic approach is more complicated but 

the decomposition of the spectrum (Figure S5) shows that S1(ππ1
*) state is responsible for band I. 

However, also a small fraction of S2 falls in the energy range of band I, corresponding to specific 

snapshots where the S2(nπ*) excited state is significantly mixed with the S1(ππ1
*) increasing its 

oscillator strength or it is so stabilized that becomes the lowest energy adiabatic state (this 

features appears for C5-C6 bond distances shorter than the average value). On the other hand, the 

absorption observed at ∼270 nm arises from snapshots where the S2(nπ*) state increases its 

oscillator strength due to mixing with the (ππ2
*) state.  The ππ2

* is the state mainly responsible 

for band II but for a significant number of snapshots it is strongly coupled to the nOπ
* state 

(increasing the latter its oscillator strength). Many adiabatic states contribute to band III.  

 

Absorption Solvent Shifts  
Changing the solvent from WAT to ACN affects to a different extent the three main bands of the 

experimental spectrum (Figure 2). Whereas the experimental maximum of band I is significantly 

red shifted (from 278 in WAT to 283 nm in ACN, Δ
WATèACN

 5nm/-0.08 eV), bands II and III do 

not significantly change in energy, but their intensity increases. The spectra in ACN and THF are 

extremely similar; the shift of band I has a very small red-shift in THF (Δ
ACNèTHF

 1 nm/-0.01 eV) 
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while the intensity of band III slightly increases. The spectra computed in ACN and THF are also 

shown in Figure 2.  

 

A) Static QM/PCM The spectrum in ACN exhibits bands at 248 (S1(ππ1
*), 5.00 eV), 202 

(S4(ππ2), 6.14 eV) and 185 nm (S6(ππ3
*), 6.68 eV) (Figure 2a). Band I is thus red-shifted with 

respect to WAT (Δ
WATèACN

 7nm/-0.13eV, Table 1), in agreement with the experiment. The 

relative intensity of band II and III increases with respect to WAT, band II becoming more 

intense than band I in ACN. Decreasing the polarity from ACN to THF does not significantly 

change the position of band I (Δ
ACNèTHF

 1nm/-0.03eV) and slightly increases the intensity of 

band III, as found in the experiment.  

B) Static QM/MM  In ACN band I falls at 259 nm (4.77 eV), band II 212 nm (5.82 eV) and band 

III at 188 nm (6.60 eV),  with associated THF estimates of 258 nm (4.80 eV), 205 nm (6.04 eV) 

and 185 nm (6.70 eV), respectively. The computed solvent shift for band I is thus larger than the 

experimental one (Δ
WATèACN

 15 nm/-0.31 eV) while Δ
ACNèTHF

 -1nm/ 0.03 eV is consistent with 

the experimental estimates. Δ
WATèACN

 shift is also larger than that estimated by the QM/PCM 

approach described above. This result can be explained by a different estimate of solvent effect 

on the S0 geometries by these two computational approaches. As in case A), the intensities for 

the middle energy band for THF is slightly overestimated with respect to the experiments, being 

this overestimation huge in case of the ACN spectrum, which could be ascribed to a more mixed 

character of the (ππ2
*) excitation in the latter. The solvent shift predicted for syn conformer (see 

SI) is closer to the experimental one, (-0.08eV) suggesting a predominance of this conformer in 

non-hydrogen bonding solvents. 

C) QM/MM MD As shown in Figure 2c, in ACN the maxima of the three main absorption bands 

fall at 275 (4.51 eV), 219 (5.65 eV) and 193 nm (6.41 eV). These values are very similar in THF, 

except for band II that is blue-shifted; band I falls at 276 nm, band II at 207 nm, and band III  at 

191 nm.  As a consequence, the calculated QM/MM MD shifts for band I are Δ
WATèACN

 7nm/-

0.11eV and Δ
ACNèTHF

 1nm/-0.01eV, (see Table 1) in agreement with the experiment. However, 

although the intensity of band II is larger in ACN/THF with respect to WAT following the 

experimental trend, the relative intensity of this band is significantly underestimated by this 

computational approach.  
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Solvent effect on the lowest energy dark states  

Besides changing the position of band I, assigned to the (ππ1
*) state, solvation also affects the 

energy of the dark (nNπ
*) and (nOπ

*) states (see Table 2).  These states, whose VAE is 5.92 and 

6.46 eV in WAT, respectively, are strongly stabilized in ACN and THF, following the same 

trend previously described for bright (ππ1
*) state. However, the solvent Δ

WATèACN
 shift associated 

to these dark states is much larger, reaching ~0.3 eV in case of the (nNπ
*) state. In the QM/MM 

static case the predicted solvent shift for this (nNπ
*) dark state is also larger (~0.7eV) than the one 

found for the bright states (0.3 eV). The other dark state (nOπ
*) is also significantly destabilized 

in water, getting closer in energy and significantly mixing with the (ππ2
*) state (as shown by its 

larger oscillator strength and excited state density difference, see SI for further details). On the 

balance, going from an apolar solvent to water leads to a strong destabilization of the nπ* excited 

states and to an increase of their intensity, due to the mixing with ππ2. This picture is very similar 

to that provided by a very recent study of the absorption spectrum of C in water by using 

QM/MM calculations.81 The destabilization of the dark nπ* states in a hydrogen bonding (HB) 

solvent as WAT can be explained by the weakening of the hydrogen bond interaction due to the 

transfer of an electron of the LP of the Oxygen or the Nitrogen atoms (acting as strong HB 

acceptor) to the π* LUMO delocalized over the ring.  
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Table 1. A) Calculated absorption energies [and oscillator strengths] for the bright state (ππ1
*), experimental 

absorption maxima for Band I in eV (nm) and the correspondent solvent shifts (in eV) in THF, ACN and WAT 

solutions. B) Calculated emission in eV (nm) and adiabatic energies in eV [oscillator strengths] for the optimized 

minima (planar (pla)); experimental fluorescence energies after 267 nm excitation together with the correspondent 

shifts in THF, ACN and WAT solutions.    
 

 

 

 
 

 

 
 

 
 

 
 

 

 

Table 2. Static (QM/PCM and QM/MM) absorption energies for the dark states (nNπ
* and nOπ

*) in eV (nm) and 

oscillator strengths in brackets at the optimized ground state minimum.  (a) In these cases the nOπ
* state is strongly 

mixed with the ππ2
* state.  

 

 

 

 

 

 

 

 
 

 

 

A Band I absorption maxima (λmax), eV (nm) Solvent Shifts (Δ), eV 

 THF ACN WAT Δ
WATèACN

 Δ
ACNèTHF

 

    ABSORPTION 
QM/PCM 4.97 (249) 

[0.18] 
5.00 (248) 

[0.18] 
5.13 (241) 

[0.25] 
-0.13 -0.03 

QM/MM 4.80 (258) 
[0.12] 

4.77 (259) 
[0.10] 

5.08 (244) 
[0.16] 

-0.31 0.03 

QM/MM MD 4.50 (276) 4.51 (275) 4.62 (268) -0.11 -0.01 
EXP 4.37 (284) 4.38 (283) 4.46 (278) -0.08 -0.01 

B Emission maxima (λmax), eV (nm) EMISSION 
QM/PCM 4.21 (294) 

4.58 [0.16] 
 
 
 

4.26 (291)  
4.61 [0.17] 

 

4.39 (282) 
4.78 [0.25] 

 
 
 
 
 
 
 
 

-0.13 -0.05 

QM/MM 3.94 (315) 
4.39 [0.09] 

3.75 (335) 
4.44 [0.05] 

4.39 (282) 
4.54 [0.15] 

 

-0.64 0.19 

EXP 3.54 (351)  3.53 (352) 3.60 (344)  -0.08 0.01 

 THF ACN WAT+4�H2O 
QM    

nNπ
* 5.56 (223) 5.61 (221) 5.92 (209) 

 [0.00] 
 

[0.00] 
 

[0.06] 
 

nOπ
* (a)5.98 (207) 

[0.07] 
(a)6.01 (206) 

[0.11] 
(a)6.46 (191) 

[0.11] 
QM/MM THF CAN WAT 

nNπ
* 5.18 (239) 

[0.00] 
5.11 (242) 

[0.01] 
5.87 (211) 

[0.00] 
nOπ

* 5.58 (218) 
[0.00] 

(a)5.60 (221) 
[0.01] 

(a)6.24 (198) 
[0.07] 
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Figure 2. Computed Absorption Spectra of 5mCd in different solvents THF (blue), ACN (red) and WAT (black) 

using the static QM/PCM a), static QM/MM b) and dynamic QM/MM MD c) approaches. Panel d) shows the 

experimental normalized absorption spectra of 5mCd in THF, ACN and WAT. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Molecular Orbitals involved in the low lying excited states of 5mCd in ACN at the CAM-B3LYP/6-

31G(d) level of theory calculated at the optimized ground state minimum. 
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 3.2 Emission Spectra  

The experimental fluorescence spectra of 5mCd in WAT exhibits a maximum at 344 nm. 

Although its quantum yield is low, 5.9x10-4,25 it corresponds to about a ∼6-fold increase with 

respect to C nucleobase, ∼1x10-4.24, 25, 82, 83  

In order to rationalize the emission properties of 5mCd from a QM/PCM theoretical point of 

view, the potential energy surface (PES) of the S1(ππ1
*) state has been explored in WAT. 

Geometry optimization shows that a steep path leads towards a plateau of the PES (energy 

gradient ∼0.001 a.u.), where the six-membered ring of 5mCd remains almost planar. A 

representative point for this region (S1(ππ1
*)pla) has been located by optimizing S1 imposing the 

planarity of the pyrimidine ring. If the system is further relaxed, a slight out-of-plane distortion 

of the ring planarity at the position of the C6-N1 bond takes place and a shallow absolute 

minimum S1(ππ1
*) one is found. The energy of S1(ππ1

*) is extremely similar to that of S1(ππ1
*)pla 

(their adiabatic energies in WAT are 4.75 and 4.78 eV, respectively); the energy difference 

between the two structures is very small, ΔE=0.04eV, also when using the 6-31+G(d,p) basis set. 

Structurally, except for the ring planarity distortion, both minima present similar geometry shifts 

compared to the S0 minimum, with significant lengthening of the C5-C6 and C1-N2 bonds (see 

Figure S1). Nonetheless, their emission energies (see Table 1) are significantly different; it is 

282nm (4.39 eV) from S1(ππ1
*)pla and 316 nm (3.92 eV) S1(ππ1

*), due to the large destabilization 

of S0 caused by the small distortion of the ring planarity. Vertical emission energy from S1(ππ1
*) 

316 nm is closer to the experimental maximum, but since PCM/CAM-B3LYP/6-31G(d) VAEs 

are significantly blue-shifted, this would lead to a computed Stokes shift (1.21 eV) overestimated 

with respect to the experimental one (0.86 eV).  In fact, the computed Stokes shift obtained 

considering emission from S1(ππ1
*)pla is 0.74 eV, closer to the experimental one, though 

underestimated. Considering that the oscillator strength is 20-25% larger S1(ππ1
*)pla than in 

S1(ππ1
*) and that the small fluorescence quantum yield suggests a very fast and effective 

nonradiative decay to S0 (in analogy with what predicted for C),30, 84-88 we propose that emission 

from S1(ππ1
*)pla also significantly contributes to the experimental fluorescence spectra, giving 

account of its broad and structureless shape. Previous studies suggest a dominant role of the 

planar plateau in the fluorescence of pyrimidine-like nucleobases, in line with the indications of 
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Raman Resonance experiments, indicating a small driving force towards distortion of the ring 

planarity. 55, 63, 89-94 S1 geometry optimization at the CAM-B3LYP/MM level leads directly to a 

planar S1(ππ1
*)pla minimum, which is very similar to that provided by CAM-B3LYP/PCM 

calculations. The structure of the minimum is similar (differences in the bond lengths are 

<0.02Å), as well as the computed emission energy at 282 nm (4.39 eV). The QM/MM computed 

Stokes shifts, which is 0.70 eV in WAT, is also consistent with the experimental one (0.86 eV). 

As already discussed for the absorption spectrum, it is, important to remind that only inclusion of 

vibrational effects can allow a full reproduction of the emission maxima.66 

 

Emission Solvent Shifts  

 

Experimental fluorescence maxima are 352 and 351 nm in ACN and THF, respectively, 

observing the same blue-shift going from ACN to WAT (344 nm) as that found in the absorption 

spectra (Δ
WATèACN 

7nm/-0.08eV). The shift found when going from ACN to THF is very small, 

and we shall not discuss it further, considering the possible source of uncertainty in our 

calculations of the fluorescence spectrum (lack of vibronic effects, contribution of different 

regions of the PES to the fluorescence, etc).  

The QM/PCM emission energies for both S1(ππ1
*)pla in THF and ACN (291 nm (4.26eV)), are 

very similar, whereas they are lower compared to those found in WAT solution (see Table 1),  

corresponding to a shift of Δ
WATèACN

9nm/-0.13eV, which slightly overestimates the experimental 

value. The QM/MM optimized minima in THF and ACN present emission energy of 3.94 and 

3.75 eV, respectively, overestimating the experimental shifts, as in the absorption case. In 

general, small differences (<0.02Å) between the different optimized minima in ACN, THF and 

WAT were found (see Figure S1). 

 
4. Discussion 

Our experiments have shown that the maximum of 5mCd lowest energy absorption band (band I 

in Figure 2) shifts towards the blue when the polarity and, especially, the HB ability of the 

solvent increases. Independently of the adopted solvation model, our calculations provide the 

same indication. Due to the strong similarity between 5mCd and C, this conclusion can be 



 17 

extended also to C, whose absorption spectrum has been predicted theoretically to blue-shift in 

presence of polar solvents.9, 10 However, these predictions cannot be easily confirmed from an 

experimental point of view, since the tautomerization equilibrium of C in the gas phase and in 

water is different.95  

On the ground of these results, we shall discuss in the following i) what are the chemical 

physical effects giving account of solvent effect on the position of band I of C and its derivatives 

and ii) what are the general methodological indications provided by the comparison among the 

three different solvation models adopted.  

4.1 Explaining solvent shifts in 5mCd absorption spectrum 
Contrary to what has been observed for 5mCd, the lowest energy absorption band of other 

pyrimidine bases, as thymine and uracil, undergoes noticeable red shifts (~0.1-0.2 eV) when 

going from an apolar solvents to WAT.9, 37, 60, 61, 96-99 Our calculations show that a HB solvent 

alters the shape of the molecular orbitals involved in the electronic transition responsible of band 

I. When going from THF to ACN, both the shapes and the relative energies of the HOMO and 

the LUMO are almost unaltered, being both roughly equally stabilized, in line with the very 

small solvent shift found. The effect is considerably larger when moving from ACN to WAT, 

especially for the HOMO (see Figure 4). When N3 acts as HB acceptor atom, its electron density 

decreases. This translates into less antibonding character of the orbital in the N3-C4 and C2-O 

regions, increasing the relative stability of this orbital respect to the LUMO, and thereby the 

energy of the HOMO→ LUMO transition. For other pyrimidine bases, as thymine, protonation at 

N3 avoid the stabilization of the HOMO orbital, and indeed, the HOMO/LUMO gap is decreased.  

Solvent effect thus does not depend on its polarity but on its HB ability. From the 

methodological point of view, this result shows that it is essential to provide an appropriate 

description of solute-solvent hydrogen bonds. 
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Figure 4. Molecular Orbitals involved in the low energy band transition and their corresponding energies in atomic 

units in THF, ACN and WAT. 

 

 

4.2 A comparison among different solvation models  

The first encouraging indication coming from our study is that, when the underlying QM method 

is the same, all the adopted solvation methods qualitatively reproduce solvent effect on the 

position of Band I of 5mCd. On the other hand, both static approaches overestimates vertical 

transition energies, and the static QM/MM approach B) also considerably overestimates 

Δ
WATèACN

 (see Table 1) for the anti conformer but not for the syn (-0.08 eV see SI). This result is 

likely due to small inaccuracies in the determination of the S0 minimum for both conformers (see 

SI), when simulating THF/ACN by a MM force field. These discrepancies are accentuated when 

comparing QM/PCM and QM/MM excited state minima (see Figure and Table S1). Solute-

solvent interactions in water have a strongly directional electrostatic component, which is easier 

to be modeled by a classical force field, whereas the weak dispersion interactions ruling 

solvation in ACN and, especially, THF are more challenging for MM force fields, also 

considering that they have been less thoroughly studied than water.  

In general the shape of the experimental spectra is fairly well reproduced by all the approaches, 

not only for the lowest energy band but also for the entire spectrum up to 200 nm (see ESI), 
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confirming the general reliability of TD-CAM-B3LYP also for higher lying excitations. From a 

quantitative point of view, TD-CAM-B3LYP/6-31G(d)/PCM estimates are almost uniformly 

blue-shifted (0.6 eV) with respect to the experimental maxima. As discussed above, the shift 

decreases by -0.2 eV extending the basis set, and vibronic effects at 0 K would account for an 

extra -0.2 eV shift. The residual difference is likely due to thermal effects. The importance of 

including these latter effects is shown by the spectrum computed at the CAM-B3LYP/6-

31G(d)/MM MD level; very remarkably, in this case the position of band I is indeed in 

quantitative agreement with experiments. Notwithstanding approaches A) and C) shares the same 

QM level, the spectrum computed by C) is red-shifted by ca. 0.6 eV. This agreement is partially 

fortuitous and is due to the use of a MM force field to sample the geometry of 5mCd (see ESI for 

a more detailed discussion). The spectrum computed in water by freezing the geometry of 5mCd 

to that optimized at the PCM/CAM-B3LYP/6-31G(d) level (model C’) is blue-shifted by ~20nm 

with respect to that obtained by model C and much more similar to that obtained by models A 

and B. On the other hand, notwithstanding the effect of thermal fluctuations on the solute 

geometry is not included, the computed maximum is red-shifted (by ~8 nm) with respect to that 

obtained by static QM/MM approach, showing the importance of an extensive sampling of 

solvent configurations and of a proper inclusion of the effect of the temperature.   

Similar indications are provided by our test AIMD simulation, whose potential is based on 

CAMB3LYP without resorting to empirical force fields. Notwithstanding the use of a QM 

method limits the simulation time to 10 ps, the predicted maximum of band I falls at 250 nm, i.e. 

ca 0.20 eV red-shifted with respect the VAE computed in water at the same level of theory 

statically (see QM/QM MD in Figure 5). Analogously AIMD simulations in GP indicate that the 

maximum of band I falls at ~262 nm (see SI), corresponding to a solvent shift of ~12nm from 

gas phase to WAT solution, which is very similar to the THF→WAT experimental shift. 

Inclusion of thermal and dynamical effects by AIMD simulations leads to a 10 nm red-shift of 

the maximum of band I, fully confirming our prediction that inclusion of thermal effects (as done 

at the CAM-B3LYP/6-31G(d)/MM MD level) would lead the computed spectra very close to the 

experimental ones, when including the vibronic and basis-set effects (as discussed above).  

Interestingly, CAM-B3LYP/PCM calculations correctly describe the relative intensity of the 

three main bands, and their dependence on the solvent, accounting for the increase of the band II 

intensity on going from WAT to ACN/THF. The performance of the CAM-B3LYP/MM MD 
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approach is also remarkably good in modeling WAT effects on the intensities and shape of the 

absorption bands (see Figure 2). However, it is less satisfying for ACN/THF. This is likely due 

to the inaccuracy of the MM force field employed for those solvents, as already pointed out. A 

more accurate force field, possibly including polarization effects, may be able to partially 

mitigate these inaccuracies, its in-depth analysis being out of the scope of the present 

manuscript.81 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5. 5mCd absorption spectra in water calculated using the QM/PCM (A), QM/MM MD (C) and QM/QM MD 
methods.  

 
 

 

 
 

 
 

 
 

 

Figure 6. Most probable solvent distribution found during the MD simulations and an example of the QM cluster is 

also included for comparison. Distances in Å. 
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The main disadvantage of QM/ PCM approach is that it is not able to appropriately describe H-

bonds. As shown in the SI, it is necessary to include some water molecules of the first solvation 

shell to correctly predict the Δ
WATè ACN

 shift for 5mCd. It is true that a mixed method as the one 

we used for water can reproduce the solvent shifts in both absorption and emission spectra, as 

well as the experimental Stokes shifts. On the other hand, it is also true that this approach suffers 

from some arbitrariness in deciding the number and the position of the solvent molecules to be 

included in the QM model. In this respect, the comparison with the results of MD simulations 

can be very informative. An important advantage of this method is that the presence of some 

water molecules into the ML of the QM/MM calculations gives a description of the H-bond good 

enough to match the solvent shifts, what can be crucial for larger systems where the addition of 

solvent molecules to the QM part is not possible. Furthermore, MD dynamics, besides 

accounting for thermal effects, can also help on figuring out the most probable distribution of the 

solvent molecules in the first solvation shell. Figure 6 depicts the most repeated solvent 

distribution along the MD (WAT, ACN and THF) MM simulations and for the QM (H2O) 

calculations, showing that independently on how the H2O molecule is treated a strong H-bond 

(1.747 and 1.816 Å) is established between them and the Oxygen atom. The dynamical approach 

outperforms the static one in predicting a non-zero absorption in the region between band I and 

II. Giving account of the structural flexibility allows indeed the dark excited states falling 

between ππ1 and ππ2 transitions to acquire some oscillator strength. The computed intensity at 

this region is, in any case, lower than the experimental one. In this respect, CAM-B3LYP/MM 

MD calculations, besides correctly predicting the band maxima, gives partially account of the 

broadening effect due to the fluctuations of the geometry of the solute and of the solute-solvent 

interaction. On the other hand, the predicted absorption at ∼240 nm is still significantly 

underestimated with respect to the experimental spectra. Inclusion of Quantum vibronic effects, 

resulting in a further increase of the computed band-width, would partially recover this 

discrepancy, in line with the promising results recently obtained on oligothiophenes by using 

mixed Quantum/Classical approaches.100-104 These approaches (whose application is well beyond 

the scope of the present work) are based on the separation of high-frequency ‘molecular’ 

vibrational modes, which are treated at a fully Quantum vibronic level, and low-frequency 

‘environmental’ (large amplitude motion of the solute, solvent fluctuations) modes, whose effect 

is included by using classical MD simulations.  
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5. Conclusions. 

In this study we report a thorough analysis of the spectroscopic properties of 5-methylcytidine in 

solvents of different polarity and hydrogen bonding properties (tetrahydrofuran, acetonitrile and 

water), comparing the experimental absorption and emission spectra with those computed 

adopting different computational approaches, based on TD-CAMB3LYP functional. For the 

absorption we have adopted i) a fully QM, static, approach including solvent effect by a 

continuum model and, in water, a small number of water molecules of the first solvation shell ii) 

a similar QM/MM approach where solvent effects are mimicked including a large number of 

solvent molecules, treated at the MM level and iii) a dynamic QM/MM model, simulating the 

absorption spectrum by QM/MM single point calculations on a large number of structures 

issuing from MM MD simulations. Only the first two approaches have been used to simulate the 

fluorescence spectra. On the balance, all the adopted approaches reproduce the significant blue-

shift of the lowest energy absorption band in water, and provide a fairly accurate prediction of 

the absorption spectrum over 200 nm (also considering the three higher energy bands) and of the 

Stokes shift, the dynamical QM/MM approach nicely matching the experimental absorption 

maxima and spectral shapes, thus confirming the general reliability of TD-CAMB3LYP and the 

accuracy of this treatment. The blue-shift of the lowest energy band in water is explained by the 

effect of solute-solvent hydrogen bonds on the frontier orbital of 5-methylcytidine, highlighting 

the importance of explicitly including these interactions in the adopted computational model.  

The comparison among the adopted solvation models indicates that the adoption of mixed 

classical/quantum approaches could constitute the last step for a completely satisfactory 

comparison between experimental and computational spectra.  

 

Associated Content 

Additional computational details and results together with further analysis of the syn/anti 

conformers, the FC region and the dynamic QM/MM approach. This information is available 

free of charge via the Internet at http://pubs.acs.org/. 
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