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Abstract2

In this work, we present a reliable computational methodology with the capabil-3

ity to aid in the identification of ionic water contaminants, such as nitrite, nitrate,4

and thiocyanate ions, based on the use of Resonance Raman (RR) spectroscopy. The5

method combines an exhaustive configurational sampling that fully captures the struc-6

tural complexity inherent to aqueous solutions with state–of–the–art computational7

techniques that accurately simulate the response properties originating Resonance Ra-8

man signals of molecules in solution. Our computational findings show that it is possi-9

ble to limit the quantum mechanical treatment to only a few explicit water molecules10

in order to capture the relevant interactions, and thus reproduce the available experi-11

mental spectra for NO−
2 and NO−

3 . Once validated, the methodology is applied to the12

prediction of the RR spectrum of aqueous SCN−. Our results indicate that by using an13

incident wavelength of 210 nm, the three emerging contaminants can be simultaneously14

detected in an aqueous matrix, thus avoiding the laborious indirect measurements used15

in current protocols. The designed protocol offers generalized explicit benefits: simul-16

taneous detection of pollutants whose absorption spectra overlap, and because of the17

very nature of RR, pushes detection limits to lower concentrations.18

Keywords: UV–Vis, Resonance Raman, nitrite, nitrate, thiocyanate, water contaminants.19
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1 Introduction21

Molecular spectroscopy is a powerful analytical tool for the study of complex chemical sys-22

tems because of its versatility and its ability to offer direct information about the molecular23

structure and properties of the analyte.1,2 The wide variety of available techniques allows24

for diverse uses which range from the detection of molecules from outer space3 to the identi-25

fication of substances which are harmful to humans or other living beings,4 the latter being26

particularly relevant for the detection of water contaminants.27

Emerging water pollutants can be originated from geogenic or anthropogenic sources, the28

latter mainly associated with agricultural and industrial activities.5 In the case of agricul-29

tural activities the use of massive amounts of nitrogen-based fertilizers (e.g. nitrate salts) is30

required for food production.6 However, only about 40% of the nitrogen content is actually31

used in the fertilizing process,7 while the rest usually finds its way to water bodies, result-32

ing in contamination of the water sources for human consumption. The final effect is the33

creation of huge hypoxic zones around the world due to eutrophication.8 Biological denitri-34

fication,9 as well as photolysis10 and photocatalysis11,12 have been used to remove nitrate35

(NO−
3 ) from water, by reducing it to molecular nitrogen, N2(g). Nevertheless, due to eventual36

imbalances in the denitrification pathway (for example an insufficient amount of the organic37

carbon source required by the bacteria during the biological mechanism9), the incomplete38

reduction reaction10–12 and the excessive use of fertilizers lead to the accumulation of pol-39

luting substances in water such as nitrites (NO−
2 ). NO

−
3 and NO−

2 are both classified by the40

International Agency for Research on Cancer (IARC)13 as possible carcinogenic agents for41

human beings (group 2A in the agency classification) because of their participation in the42

formation of carcinogenic precursor nitrosamines in the acid environment of the stomach.1443

Mining and other industrial activities heavily contribute to water contamination with44

diverse inorganic pollutants, the thiocyanate ion, SCN−, among them. Even though this45

molecule is found in different types of foods, high concentrations are harmful and may cause46
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malfunction of the thyroid gland by acting as a competitive inhibitor to the transport of47

I−. SCN− is thought to reduce the ability of the thyroid to produce the necessary hormones48

for the proper functioning of the body15,16 and to catalyze the above mentioned nitrosation49

reactions involving NO−
3 and NO−

2 leading to the production of nitrosamines.1750

At this point, it should be clear that aqueous nitrate, nitrite, and thiocyanate play impor-51

tant, mostly noxious roles in human health and that efficient, reliable and robust protocols52

are needed for rapid assessment of their presence in complex samples. Regrettably, that is not53

the case because there are no current standard methods to simultaneously identify all three54

ions in aqueous samples, on the contrary, detection of multiple contaminants and quantifi-55

cation in water by spectroscopic techniques requires a series of laborious indirect procedures56

and measurements summarized next. Internationally accepted colorimetric methodologies57

are used to detect and quantify NO−
2 by diazotizing it with sulfanilamide and subsequent58

coupling with N–(1–naphthyl)–ethylenediamine dihydrochloride leading to the formation of59

a reddish purple azo dye which absorbs at 540 nm.18 NO−
3 is quantitatively reduced to NO−

260

(e.g. by hydrazine or cadmium reduction methods) and both the original and resulting ni-61

trite are determined by the aforementioned diazotizing reaction.18 Quantification of SCN−
62

in water is carried out through a complexation reaction with Fe3+ ions to form a colored63

species ([FeSCN]2+) that absorbs at 460 nm.1964

Vibrational spectroscopies have also been used with the purpose of identifying and quanti-65

fying these ions in aqueous matrices. By means of conventional (also known as spontaneous)66

Raman spectroscopy, nitrite and nitrate have been unequivocally detected,20–25 however, sev-67

eral analytic studies have shown that Resonance Raman (RR) spectroscopy provides even68

lower detection limits, as listed in Table 1. Both spontaneous and resonance Raman are69

named after the Raman effect of inelastic scattering of light, however, in RR, the incident70

wavelengths are in resonance with electronic transitions,26 resulting in selective enhancement71

of the spectroscopic responses between 3 and 6 orders of magnitude when compared against72

conventional Raman.27 The selective amplification of spectroscopic responses suggests RR73
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as an analytical technique with the potential to help in the simultaneous detection of pol-74

lutants in very dilute solutions. In fact, not only have Ianoul et al. 28 proposed the use of75

RR spectroscopy as a direct tool to simultaneously monitor nitrite and nitrate in wastewa-76

ter treatment processes, but, in 2005, the United States Environmental Protection Agency77

announced the development of deep UVRR equipment for the same purposes.2978

Table 1: Experimental Limits of Detection (LOD) for nitrite and nitrate ions in water
samples. ω0 denotes the laser wavelength used for the detection.

Source Ion ω0 (nm) Technique LOD

Lombardi et al. 20 NO−
2 514.5 Raman 14.4 mM (206 ppm)

Ahmadjian and Brown 21 NO−
3 488 and 514.5 Raman 150 ppm

Baldwin and Brown 22 NO−
3 488 and 514.5 Raman 25 ppm

Cunningham et al. 23 NO−
3 488 Raman 9.79 ppm

Furuya et al. 24 NO−
3 488 Raman 2 ppm

Gajaraj et al. 25
NO−

3 785 SERS
0.5 ppm

NO−
2 No reported

Ianoul et al. 28
NO−

3 229 RR < 14 µM (200 ppb)
NO−

2

UVRR is a complex phenomenon which arises from the coupling of both electronic and vi-79

brational degrees of freedom to an external electromagnetic radiation, therefore the resulting80

spectra are often difficult to analyze and rationalize, thus, computational simulations pro-81

vide invaluable assistance. However, successful combination of experiments and calculations82

mandate that the reliability of computational models has to be fully demonstrated. Alas,83

the complexity of the phenomenon is further exacerbated by the fact that most analytes84

are detected in solution with the solvation environment heavily influencing the spectroscopic85

response, therefore, specific solvent effects have to be accurately taken into account in the86

simulations. Accordingly, for the study of spectroscopic properties of systems in aqueous87

solution, a wide variety of methods have been proposed and tested.30,31 One of the most88

difficult problems that must be addressed in the development of computational methods to89

describe dilute analytes is the fact that those systems cannot be represented by a single mini-90

mum energy structure, rather, ensembles of many different solute–solvent and solvent–solvent91
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configurations, each with its own spectroscopic properties, are needed. In this context, the92

generation and identification of meaningful microstates (structures with high probability93

of existence) for solvated systems is a problematic issue, exacerbated by the fact that the94

number of stationary points within a given Potential Energy Surface (PES) increases expo-95

nentially with size. Molecular Dynamics (MD), Simulated Annealing (SA), and a variety96

of stochastic sampling strategies are commonly used for the exploration of complex PESs97

proper of solutes surrounded by water molecules. As a matter of fact, MD and SA method-98

ologies have been used in recent works for microsolvated nitrite and nitrate,32,33 affording99

molecular clusters that perfectly reproduce experimental structural and energetic data and100

therefore are instrumental in the interpretation of UV–Vis and IR experimental features.101

We develop here a computational methodology that accurately determines the Resonance102

Raman spectra of ions in aqueous solutions. With that protocol, we show that there exist103

potential incident wavelengths to be used in RR experiments to simultaneously identify104

and quantify ions in very dilute solutions, which will serve as a preliminary step to guide105

experimental setups free of unnecessary complications and indirect measurements. NO−
3 ,106

NO−
2 , and SCN− ions were chosen as study cases, because of their importance as water107

contaminants. Nitrate and nitrite ions are ideal to validate the methodology since there is108

ample experimental data to compare the computed results. Once validated, the protocol109

is employed to predict the RR spectra of both, solvated thiocyanate, and a mixture of the110

three ions in more complex aqueous matrices. The outline of the paper is as follows. In111

section 2, we describe computational methods for the configurational sampling and for the112

calculation of the UV–Vis and RR spectra. In section 3, the simulated spectra are discussed113

and compared against experimental data when possible. Finally, in section 4 the main114

outcomes of the study are summarized.115
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2 Computational Methods116

2.1 Configurational sampling117

It is well established that in order to reproduce experimental spectroscopic results, exhaustive118

samplings of the configurational spaces of the systems of interest is mandatory, and for the119

microsolvated environments one must take into account not only the putative global minima,120

but all clusters having meaningful probabilities of existence.32–38 To tackle the problem121

of the configurational sampling in the chosen systems, namely, solvated nitrite, nitrate,122

and thiocyanate, and to recover the most representative motifs within the corresponding123

PES for microsolvation, the ASCEC (Spanish acronym for Annealing Simulado Con Enerǵıa124

Cuántica) algorithm39,40 was used. The ASCEC program41 is an application of the SA125

algorithm, where the energy of each randomly generated configuration along a Markov chain126

is evaluated quantum mechanically and then kept or not as candidate for a stationary point127

after passing/failing a modified Metropolis acceptance test.42 See Refs. 39,40 for detailed128

discussion of the ASCEC algorithm.129

Under the annealing conditions listed in Table S1, ASCEC afforded candidate structures130

for [SCN (H2O)x]
− with x = 1−6, which were optimized at the B3LYP/6–311++G(d, p) level131

of theory. In a previous work,32 we demonstrated that five explicit water molecules combined132

with the Polarizable Continuum Model (PCM) (ASCEC sampling + PCM method) are133

enough to recover all features of the UV–Vis experimental spectrum of nitrite in aqueous134

solution, whereas for nitrate the same number of solvent molecules provided a very good135

representation of the IR spectrum.33 The need for explicit solvent molecules is justified on136

the basis that the orbitals involved in the main transitions belong not just to the solute137

but also to the nearest water molecules, which are often bound via hydrogen bonds. Then,138

for the [NO3 (H2O)5]
− and [NO2 (H2O)5]

− cases, we borrowed the reported structures,32,33139

which were obtained with the same sampling method. Therefore, to calculate te spectra we140
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used the 68 and 26 clusters found for nitrite and nitrate respectively, with a cluster size of141

five waters. For consistency, the reported motifs for [NO3 (H2O)5]
− were reoptimized at the142

same model chemistry used for nitrite and thiocyanate.143

2.2 Calculation of spectra144

Once optimized and classified, the clusters obtained with ASCEC were used in the follow-145

ing spectroscopy calculations, using as weighting factors cluster populations derived from146

Boltzmann distributions of the Gibbs free energies of formation.147

2.2.1 UV–Vis absorption spectra148

A necessary prerequisite to obtain a RR spectrum is to determine the wavelengths at which149

electronic transitions take place, to this end, absorption spectra for the microsolvated ions150

were calculated using TD–DFT,43–46 converging the first 12 excited states. Preliminary151

tests indicated that for nitrite and nitrate a lower number of states can be used without152

affecting the quality of the simulated spectra, i.e., the first seven and five singlet excited153

states respectively. For all the systems, the UV–Vis absorption spectra were convoluted154

with a Gaussian lineshape with a Full Width at the Half Maximum (FWHM) of 0.4 eV.155

2.2.2 Resonance Raman spectra156

RR spectra were simulated by using the Franck–Condon Vertical Gradient (FC|VG) approx-157

imation, where the excited state gradients are calculated at the ground state equilibrium158

geometries. The procedure was adapted from Refs. 27,47, where it was found to provide ex-159

cellent agreement between computed and experimental data. Here we simply summarize the160

equations of the invariants a, δ, γ (Eq. 1), where
(
α̃αβ

)
mn

are the corresponding Cartesian161

components of the complex electric dipole–electric dipole transition polarizability Raman162
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tensor for the initial and final molecular states |n⟩ and |m⟩, respectively.163

a2 =
1

9
Re

[(
α̃s
αα

)
mn

(
α̃s∗
ββ

)
mn

]
(1a)

δ2 =
3

2
Re

[(
α̃a
αβ

)
mn

(
α̃a∗
αβ

)
mn

]
(1b)

γ2 =
1

2
Re

[
3
(
α̃s
αβ

)
mn

(
α̃s∗
αβ

)
mn

−
(
α̃s
αα

)
mn

(
α̃s∗
ββ

)
mn

]
(1c)

(
α̃αβ

)s
mn

=
1

2

[(
α̃αβ

)
mn

+
(
α̃βα

)
mn

]
(2a)

(
α̃αβ

)a
mn

=
1

2

[(
α̃αβ

)
mn

−
(
α̃βα

)
mn

]
(2b)

The superscripts s and a refer to purely symmetric and antisymmetric parts (Eq. 2).48164

RR intensities are then formulated in terms of the previous invariants, depending on the165

illumination–observation geometry and the experimental setup.49,50 For an incident linear166

polarized radiation ⊥i, in an observation angle of
π

2
and with a total scattered radiation,167

∥s +⊥s, the cross–section is given by Eq. 3, where ωs is the magnitude of the angular168

frequency associated with the vibrational transition from |n⟩ to |m⟩.169

σ
′(π
2
, ∥s +⊥s,⊥i

)
=

ω4
s

c4
45a2 + 7δ2 + 5γ2

45
(3)

The contribution from different selected electronic states was added at the amplitude170

(polarizability) level and RR stick spectra were convoluted with Lorentzian functions with171

an FWHM value of 20 cm−1. For the most important normal modes we track how the RR172

intensities change by varying the incident wavelength ω0. To this end, we build Resonance173

Raman Excitation Profiles (RREP) with ω0 ranging from 160 nm to 400 nm.174
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For the sake of comparison, off–resonance Raman spectra were also computed for the175

same clusters. Raw and convoluted (Lorentzian functions, with an FWHM of 8 cm−1)176

data calculated at 532 and 1064 nm are depicted in Figures S12, S13 of the Electronic177

Supplementary Information (ESI). All calculations were performed using the Gaussian16178

program.51179

3 Results and discussion180

In this section we first analyze the structural and energetic aspects of the microsolvated181

nitrite, nitrate and thiocyanate. Next, we discuss their UV–Vis spectra examining the tran-182

sitions involved and then, for each case, we focus on the Resonance Raman spectral signals.183

We compare our results against experimental data (when available) and based on the quality184

of our approach, the RR spectra of thiocyanate and of a mixture of the three ions in water185

are predicted.186

3.1 Structures187

3.1.1 Nitrite and Nitrate188

The structural problem for nitrate and nitrite clusters with five explicit water molecules was189

previously solved,32,33 in Figure 1 the structures of the global minima are displayed together190

with their Gibbs free energy based Boltzmann populations. These representative clusters191

encompass the largest probabilities of existence at standard conditions and thus will be the192

major contributors to any calculated or measured property, spectral signals among them,193

however, since their populations are not near 100%, contributions from other meaningful194

isomers must be statistically weighted by their Boltzmann distributions.195
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Nitrite Nitrate Thiocyanate

W5S1; ∆EG= 0.00 W5S1; ∆EG= 0.00 W5S1; ∆EG= 0.00 W5S2; ∆EG= 0.27

%χiG = 68.7 %χiG = 56.3 %χiG = 36.8 %χiG = 23.3

Figure 1: Structures of the lowest energy [NO2 (H2O)5]
−, [NO3 (H2O)5]

− and [SCN (H2O)5]
−

clusters optimized at the B3LYP/6–311++G(d, p) level with their respective isomer popu-
lations (%χiG) derived from the Boltzmann distribution of the Gibbs energies.

3.1.2 Thiocyanate196

Table 2 lists the total number of isomers obtained by sampling the PES of the [SCN (H2O)x]
−

197

clusters with x = 1−6. A total of 305 equilibrium structures were found with binding energies198

ranging from −12.09 to −61.82 kcal/mol. The entire set of structures is available in Figures199

S1, S2, S3, S4, S5 and S6 (Cartesian coordinates are also included in the ESI). We point out200

that in all cases, binding energies are very close to those reported for the microsolvation of201

nitrite and nitrate (see Table S2) but are considerably larger than for pure water clusters202

of similar molecularities,40,52–54 with the additional stabilization clearly coming from the203

presence of the formal negative charge. The small energy differences among isomers belonging204

to the same PES listed in Table 2 and the corresponding isomer populations (see below),205

reflect, with the same argumentation as for NO−
2 and NO−

3 , that several [SCN (H2O)x]
−

206

structures actually contribute to the computed spectra. Also, similar to nitrite and other207

anion cases, at this low molecularities, the stabilization of thiocyanate tends to increase with208

the number of water molecules.209

In previous studies, the hydration structures of SCN− have been explored using molecular210

dynamics,55 stochastic methods,56 or simply replacing water molecules with the thiocyanate211

ion in selected pristine water clusters.57 In the context of this work, it is important to notice212
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Table 2: Structural complexity of the B3LYP/6–311++G(d, p) potential energy surfaces for
the microsolvation of SCN− with up to six water molecules. All minima are within ∆E,
∆EH and ∆EG of the corresponding global minimum. ∆EH and ∆EG at 298.15 K, 1 atm.
Energy values are given in kcal/mol.

x Number of isomers ∆E ∆EH ∆EG

1 6 4.40 3.87 5.55
2 40 5.13 4.97 6.36
3 60 6.71 6.86 7.83
4 62 5.95 7.27 6.86
5 63 13.23 12.99 16.20
6 74 29.23 30.23 28.03

that the ASCEC sampling and further optimization of candidate structures affords the most213

comprehensive picture to date of cluster structures involved in the microsolvation of SCN−
214

with up to six water molecules, that is, our sampling technique recovers all structures pre-215

viously reported and finds new meaningful isomers. The two lowest Gibbs energy structures216

for clusters with five waters are shown in Figure 1 alongside the putative global minima217

for [NO2 (H2O)5]
− and [NO3 (H2O)5]

−. It is worth noticing that in the majority of cases,218

and predominantly for the global minima, the structures present an asymmetric hydration219

shell, where the water molecules form H–bonds preferentially with the nitrogen atom. This220

behavior has been already experimentally observed when aqueous solutions of KSCN were221

studied with neutron diffraction.58,59 The placement of solvent molecules around the sulphur222

end of thiocyanate is also in line with the classification of this ion as a chaotrope (“structure223

breaker and weakly hydrated anion”) in the Hofmeister series.60224

3.2 UV–Vis spectroscopy225

It is well known61–63 that the maxima of the UV–Vis electronic absorption spectra of the226

three aqueous ions overlap in the spectral region from 200 to 240 nm (see Figure 2 (a)).227

This fact prevents their simultaneous detection by this particular technique. Our simu-228

lated spectra (see Figure 2 (b)) for the Boltzmann averaged [NO2 (H2O)5]
−, [NO3 (H2O)5]

−
229

and [SCN (H2O)5]
− clusters exhibit the same behavior, thus validating the computational230
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methodology (i.e. both the solvation approach and the chosen level of theory). Conversely,231

large discrepancies with experiments are found when the continuum solvation approach,232

PCM, is used without explicit water molecules to simulate the spectra (see Figure S7 in the233

ESI).234
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Figure 2: Experimental (left) and calculated (right) UV–Vis absorption spectra for NO−
2 ,

NO−
3 and SCN− solvated ions. Experimental spectra are available in Refs. 61,62 for nitrite

and nitrate, and for thiocyanate, respectively. Computed spectra were convoluted using
Gaussian functions with an FWHM of 3226.17 cm−1. 5 excited states were converged for
nitrate, and 12 for nitrite and thiocyanate.

The absorption maxima for the three ions in aqueous solutions are summarized in Ta-235

ble 3. There is an outstanding agreement between experimental and computed data with236

slight shifts for nitrite and nitrate. The experimental thiocyanate UV–Vis spectrum shows237

a broad shoulder centered near 220 nm.62,63 A closer inspection by Saykally and coworkers63238

determined one resonant wavelength at 205 nm and another weakly–resonant at 230 nm,239

wavelengths that are outstandingly reproduced by our calculations. The excellent match240

between experimental and calculated wavelengths led us to select an incident ω0 = 210 nm241

for the calculation of RR spectra, we also tested wavelengths in the close vicinity of 210 nm.242

Before we move to the RR spectra, we take advantage of the information given by the243

UV–Vis spectrum regarding the excited states involved in the electronic transitions and the244

way the sticks are grouped together to give rise to the bands. This distinction is important245

because as pointed out by Asher 26 in the case of single molecules as nitrite with two absorp-246
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Table 3: Summary of experimental and computed absorption bands of aqueous NO−
2 , NO

−
3

and SCN−. Five explicit water molecules were used in the calculations at the B3LYP/6–
311++G(d, p) level.

Ion
Wavelength (nm)

Comments
Experimental Ref. Computed

NO−
2

212.8
61

212.7 intense band
353.9 355.4 weak band

NO−
3

205.6
61

201.3 intense band
301.6 307.3 weak band

SCN− ≈ 220 62,63
204.3 —
239.8 —

tion bands deriving from the same chromophoric segment, changes in the RR spectra will247

arise from differences in the structure of the excited states associated with the two electronic248

transitions because the different excited states have a different coupling with the ground249

state vibrational motion. Figure 3 shows the sticks associated with the different transitions250

and their oscillator strengths, colored according to every specific excited state. It can be ob-251

served that the weak band at 353.9 nm is the result of a transition from from S0, the ground252

state, to S1, the first excited state (black sticks) which has been attributed to the nN → π∗
253

transition.32 Zuo and Deng 64 reported a weak shoulder around 292 which correspond to the254

cyan sticks in the computed spectrum. The main band centered at 212.8 nm is way more255

complex because it is due to a superposition of sticks associated to transitions from S0 to S3,256

S4, · · · , up to S7. These sticks have been attributed to the π2 → π∗, nO2 → π∗, and nO1 → π∗
257

transitions in our previous work.32 Therefore, if the incident wavelength for the computation258

of RR spectra for microsolvated nitrite is chosen in the range of 250 nm < ω0 < 353.9 nm,259

only the first two excited states should be taken into consideration, and, computations with260

excitations associated to the brighter transition (200 nm < ω0 < 250 nm) must include S3,261

S4, S5, S6, and S7.262

14



 210  240  270  300  330  360  390  420  450

A
b
s
o
rp

ti
o
n
 i
n
te

n
s
it
y
 (

a
rb

it
ra

ry
 u

n
it
s
)

Wavelength (nm)

S1
S2
S3
S4
S5
S6
S7
S8
S9

S10
S11
S12

 240  270  300  330  360  390  420
A

b
s
o
rp

ti
o
n
 i
n
te

n
s
it
y

Wavelength (nm)

 240  270  300  330  360  390  420
A

b
s
o
rp

ti
o
n
 i
n
te

n
s
it
y

Wavelength (nm)

Figure 3: Computed absorption sticks and convoluted spectra for Si, the excited states of
[NO2 (H2O)5]

− clusters at B3LYP/6–311++G(d, p)/PCM.

The same procedure to assign excited states to a particular band or range runs for the263

nitrate and thiocyanate clusters (see Figures S8, S9), for which the molecular orbitals (MOs)264

involved in the transitions are displayed in Figure 4 in the main text and in Figure S10 in265

the ESI. One noteworthy detail, not exclusive of the nitrite case, is that the molecular or-266

bitals of the solvent heavily contribute to the main absorption bands, hence proper account267

of explicit water molecules is mandatory to reproduce the experimental spectra. This ob-268

servation, recently exposed by the present authors,32 prevents the application of common269

and/or polarizable QM/MM approaches to calculate spectra of aqueous solutions of NO−
2 ,270

and by extension, of any microsolvated ion in which the MOs of the solvent contribute to271

the absorption bands.272
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Figure 4: Molecular orbitals involved in UV–Vis transitions in the putative global minimum
of the [NO3(H2O)5]

− potential energy surface. Isovalue=0.02
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3.3 RR spectroscopy273

Experimental28 and computed65,66 RR spectra are available for nitrate aqueous solutions.274

Only the experimental RR spectrum has been reported for nitrite,28 thus, these two ions are275

ideal candidates to test our protocol before proceeding to its application to more challenging276

cases, such a s SCN−, for which no RR spectrum of any kind has been reported. We proceeded277

accordingly, and as described above, we used ω0 = 210 nm. In addition, for the sake of278

completeness, we also calculated the far from resonance ωo = 532 nm conventional Raman279

spectra for all [Anion(H2O)5]
− clusters, the corresponding convoluted profiles are shown in280

Figures S12 and S13. Although the agreement is not quantitative at this wavelength, the281

calculated Raman spectra do capture most of the characteristic signals of the experimental282

spectra. Nevertheless, we clearly see the enhancement of signals in the RR spectra at ω0 =283

210 nm for the three anions as shown in Figures S16, S17, and S18 in the ESI. For nitrate, the284

most extreme case, this enhancement goes up to 3 orders of magnitude for the symmetric285

vibrations. We analyze the RR spectra for each anion on an individual basis next and286

culminate with the superposition of the three spectra, which we relate to aqueous samples287

containing the three pollutants.288

3.3.1 Nitrite289

Belonging to the C2v point group, the bare nitrite ion has the three normal modes displayed290

in Figure 5. The two stretchings (symmetric, ν1, and antisymmetric, ν2) and the bending291

vibration (ν3) are active in both infrared and Raman67 and are located roughly at 1335 cm−1,292

1300 cm−1, and 800 cm−1, respectively. The RR spectra of nitrite, modeled at ω0 = 210 nm,293

obtained under PCM only, and for [NO2 (H2O)5]
− clusters, are compared in Figure 6 against294

the experimental information taken from Ianoul et al. 28 . As expected, each vibrational mode295

produces a signal in the experimental RR spectra, there, ν1, appearing at 1325 cm−1, is the296

most intense one due to the fact that in Raman the dominant bands often involve totally297
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symmetric vibrations.68 Indeed, this band is used in experimental methodologies for the298

detection and quantification of nitrite in water.28299

Symmetric stretching Antisymmetric stretching Bending
ν1 = 1334.2 cm−1 ν2 = 1296.8 cm−1 ν3 = 799.6 cm−1

Figure 5: The normal modes for the isolated nitrite ion and their vibrational frequencies.
Level of theory B3LYP/6–311++G(d, p)/PCM. Since these normal modes change when wa-
ter molecules surround the ion, a depiction of them in the case of the global minimum of
[NO2(H2O)5]

− is included in the ESI (Figure S11).

The measured RR spectrum is deceptively simple with the following assignments from300

the experimental group who reported it:28 the intense band centered at ≈ 1325 nm to ν1,301

the two broad bands, one centered at ≈ 1670 nm, and the other running the ≈ 630 − 900302

nm interval, to solvent vibrations. Thus, the experimental analysis includes no assignation303

to ν2, ν3 and no discussion of the shoulder adjacent to ν1. The first obvious failure of the304

continuum model is that, as expected, the calculated spectrum does not recover solvent305

vibrations (ω = 1670 nm), however, the continuum model hints at ν3 appearing on the306

low energy region assigned to water vibrations while saying nothing about ν2. We report307

two spectra calculated with the explicit waters in Figure 6, the green spectrum corresponds308

to the global minimum in the [NO2(H2O)5]
− PES while the red spectrum accounts for the309

statistical contributions from all isomers. These two spectra show peaks for all vibrations310

and explain the structure of the experimental spectrum as follows:311

1. ν1 is recovered at the same position and relative intensity for both spectra, however,312

when all isomers are considered, this band splits into two because microsolvation breaks313

the symmetry of the vibration leading to a smaller band to the right of the original ν1.314

This observation highlights the importance of considering all structures within a given315

PES.316
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Figure 6: Experimental (top panel), computed in PCM (middle panel) and computed
with explicit waters (bottom panel) RR spectra of nitrite. Calculations at B3LYP/6–
311++G(d, p) level of theory and under the VG|FC approach, with ω0 = 210 nm. A 200 cm−1

damping factor was used for the RR intensities and Lorentzian functions with FWHM=20
cm−1 were employed in the convolution of the spectra. The excited states 3, 4, 5, 6 and 7
were used, because they are involved in the most intense absorption band. The experimental
data was taken from Ianoul et al. 28 GM stands for the global minimum, shown in Figure 1.
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2. ν2 manifests in the shoulder to the left of ν1. The same symmetry breaking due to317

microsolvation and contributions from many structures prevent the splitting into to318

well defined bands.319

3. In agreement with the continuum solvent spectrum, ν3 contributes to the broad band320

at the left of the spectrum.321

4. Solvent vibrations are responsible for the broad bands to the right and left of the322

spectra, with the left band overlapping ν3.323

The RR spectra for nitrite microsolvated with 1 to 6 molecules of water can be found in324

the ESI (Figure S14), and as foreseen from the UV–Vis spectra, in the x = 5, 6 cases, the325

simulated spectra are almost identical. Furthermore, except for slight differences in a couple326

of intensities (Figure S15), the RR spectrum calculated at 210 nm remains almost unaltered327

when it is calculated with the smaller set of five excited states mentioned above or with 12328

excited states. This observation is corroborated by the fact that the remaining excited states329

are far removed from the absorption band located at 210 nm (Figure 3).330

3.3.2 Nitrate331

The Raman spectrum for nitrate in aqueous solution is particularly well documented,20–24,69332

and the Resonance Raman has also been reported because of its importance in the analysis of333

aqueous samples.28,65,66 The highly symmetric nitrate ion belongs to the D3h point group. Its334

six normal modes are shown in Figure 7, including two pairs (ν3, ν4) and (ν5, ν6) of degenerate335

vibrations. It is known from early works67,70 that ν1, the N–O symmetric stretching, and336

ν2, the out–of–plane deformation, are both Raman active and become infrared active in337

aqueous solution as well. In addition, ν3, ν4, ν5, and ν6 are active in IR, Raman, and RR.338

The experimental and computed spectra for the solvated ion are collected in Figure 8.339
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Symmetric stretching out–of–plane deformation
ν1 = 1071 cm−1 ν2 = 830 cm−1

Asymmetric stretching Bending
ν3 = ν4 = 1370 cm−1 ν5 = ν6 = 730 cm−1

Figure 7: The normal modes for nitrate ion and their vibrational frequencies. Level of theory
B3LYP/6–311++G(d, p)/PCM.

The three experimental spectra28,65,66 are fully consistent with each other and offer the340

following band assignments: ν1 is the most intense band centered at ≈ 1044 cm−1. No341

experimental spectrum of aqueous nitrate assigns ν2. Just as in the RR spectrum of NO−
2 ,342

the band to the far right is due to the solvent as is the broad band to the far left, however,343

the latter contains contributions from ν5, ν6 near 723 cm−1, according to Waterland and344

Kelley 65 . The broad band around 1400 cm−1 is the result of ν3 and ν4 splitting because of345

symmetry breaking due to solvation. Breaking of the symmetry of the ν3, ν4 vibrations is346

even observed in the solid state, with the size of the splitting being directly dependent on347

the identity of the cation in the salt.66348
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Figure 8: Experimental (top panel), computed in PCM (middle panel) and computed
with explicit waters (bottom panel) RR spectra of nitrate. Calculations at B3LYP/6–
311++G(d, p) level of theory and under the VG|FC approach, with ω0 = 210 nm. A 200 cm−1

damping factor was used for the RR intensities and Lorentzian functions with FWHM=20
cm−1 were employed in the convolution of the spectra. The excited states 2, 3, 4 and 5 were
used, because they are involved in the most intense absorption band. The experimental data
was taken from Ianoul et al. 28 . GM stands for the global minimum, shown in Figure 1.

The calculated PCM spectrum picks all nitrate vibrations except ν2, but gives wrong349

intensities because the lack of explicit waters prevents the symmetry breaking leading to the350

split of ν3, ν4 and of ν5, ν6 and prevents the involvement of water orbitals in the transitions351

(see Figure 4). The spectra of microsolvated of NO−
3 do not pick ν2 and exhibit the following352

features:353

1. ν1 is the most intense band. It is remarkable that microsolvation explains why in354

the experimental spectrum this band does not exhibit solvent induced splitting due to355
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symmetry breaking: as seen in Figure 1, the chemical environment of the three N–O356

is equivalent even after solvation.357

2. A splitting of the degenerate ν3, ν4 modes is only observed in the spectrum calculated358

with contributions from all isomers, not just the global minimum359

3. Water vibrations are heavily shifted360

4. The broad band to the left includes water vibrations and splitting of ν5, ν6361

In fact, closer inspection of the RR spectrum with explicit waters (bottom panel in Figure362

8 and better seen from the Boltzmann weighted spectrum) highlights such a splitting and363

some water vibrations in that spectral region. In this regard, there are ab initio calculations364

on nitrate clusters supporting and explaining the splittings.65,66365

3.3.3 Thiocyanate366

As shown above, only when considering explicit waters, it is possible to reproduce the main367

and specific characteristics of the experimental spectra for nitrite and nitrate. Thanks to368

the remarkable agreements between experiment and computations, we now move to the369

prediction of the RR spectrum for aqueous thiocyanate, which, to the best of our knowledge,370

has not been reported from neither the theoretical or experimental points of view. For this371

ion we first consider the four vibrational modes pictured in Figure 9.372

C–N Stretching S–C Stretching Bending
ν1 = 2132 cm−1 ν2 = 730 cm−1 ν3 = ν4 = 459 cm−1

Figure 9: The normal modes for the thiocyanate ion and their vibrational frequencies. Level
of theory B3LYP/6–311++G(d, p)/PCM.

Instead of isolated S–C and C≡N bonds, the electronic structure of [SCN]− comprises373

π orbitals delocalizing the excess charge over the three centers, thus, a more appropriate374
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description is [S...−C...−N]−. Because of its strength, the stretching of C...−N, ν1, is expected to375

have the highest vibrational frequency, which is reported at around 2040 cm−1.71 It has been376

previously determined67 that the position of this band can vary up to 17 cm−1 in KSCN377

samples, depending on whether the measurement is carried out in ATR or in Raman, in solid378

state or in aqueous solution. Similarly, the band for the C...−S stretching, ν2, around 740 cm−1,379

can shift between 690 and 720 cm−1 depending on the type of metal attached to the sulfur380

atom.72 There are also two degenerate bending vibrations: out–of–plane ν3, and in–plane381

ν4, at ≈ 450 cm−1. The computed spectra for [SCN]− embedded in a continuum solvent and382

with five explicit waters are displayed in Figure 10. The corresponding assignments of the383

normal modes are also included.384

From Figure 10, we can highlight two interesting points: first, there are large differences385

between the obtained spectra with both solvation models, quite appreciable in the relative386

intensities between the peaks. The PCM spectrum only shows two bands arising from387

C...−N (ν1) and S...−C (ν2) stretchings. The degenerate ν3, ν4 bands are picked by the PCM388

computations but with negligible intensities in the spectrum, however, remarkably, these389

bands, with a tiny splitting not apparent with the FWHM used, are well defined when explicit390

waters are taken into account, as visualized in the bottom panel of Figure 10. As previously391

discussed, PCM cannot capture the bands associated with water vibrations, nonetheless,392

those vibrations are identified at around 1700 cm−1 and in the ≈ 600− 1000 cm−1 interval393

in the cluster spectra. Second, we clearly see a splitting of the ν1 and ν2 peaks in the394

spectra with explicit waters. The mandatory inclusion of all meaningful structures in the395

convoluted spectrum is beautifully exemplified in the case of [SCN (H2O)5]
−. Indeed, the396

separate spectra for W5S1 with population of 36.8% and W5S2 with a 23.3% population397

(Figure 1), exhibit a small but appreciable shift for all bands, which show up as pairs of split398

peaks in the convoluted spectrum. In this scenario, the exhaustive configurational sampling399

helps us to understand that the division of the peaks is not only due to the microsolvation400

induced loss of symmetry of the vibrations, as happens in the nitrate case, but also to the401
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existence of several structures contributing to the total spectrum.402
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Figure 10: RR spectra of thiocyanate computed in PCM (top panel) and with explicit
waters (bottom panel). Calculations at B3LYP/6–311++G(d, p) level of theory and under
the VG|FC approach, with ω0 = 210 nm. A 200 cm−1 damping factor was used for the RR
intensities and Lorentzian functions with FWHM=20 cm−1 were employed in the convolution
of the spectra. The first 12 excited states were used. GM1 and GM2 stand for the global
minima, shown in Figure 1.

Although we did not find RR measurements for thiocyanate, we find it useful to com-403

pare our computed spectra against the Raman spectrum of [SCN]− in an aqueous solution404

containing 5% of methanol reported by Wahab and Mahiuddin 73 . Figure S13 shows the cal-405

culated Raman spectrum obtained with the 63 [SCN (H2O)5]
− clusters. A very good match406

to the experimental data is clearly seen in the reproduction of the signal at 2050 cm−1.407
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3.3.4 RR of the three ions combined408

It has been found that the RR effect can lead to significant selectivity in Raman spectral409

measurements.26,74 In order to find specific wavelengths to be used in RR that will allow the410

simultaneous identification of NO−
2 , NO

−
3 and [SCN]− ions in water samples, we used the411

information provided by the UV–Vis spectra in Figure 2 and the RREPs presented in Figure412

11. Raman intensities reflect the properties of a particular electronic state because its vi-413

brational levels dominate the scattering process when the incident light is properly tuned,68414

therefore, we investigate in Figure 11(a) the influence of different incident wavelengths on415

the intensities of the normal mode ν1 for the global minimum of [NO2 (H2O)5]
−. A com-416

parison of the bars indicates that both absolute and relative RR intensities vary with the417

incident wavelength.75 The biggest peaks of RR intensities for ν1 take place with vibrational418

excitations in resonance with the electronic state, meaning 212.8 and 353.9 nm for the nitrite419

case. In particular, the intensity of ν1 is 105 times higher approaching the main absorption420

band when compared to the intensity of the 353.9 band.421

Waterland and Kelley 65 presented experimental and empirical modeling of the RREP422

of NO−
3 in several solvents from 204 to 246 nm. Later, the same authors calculated the423

RREPs using ab initio methods on the same interval of wavelengths for the normal modes424

of [NO3 (H2O)2]
−. Essentially, for normal modes ν1 and ν3, ν4, the highest RR intensity425

was observed to occur around 205 nm (absorption maximum in UV–Vis). In line with426

those results, our own RREPs for ν1 in the global minimum of [NO3 (H2O)5]
−, shown in427

Figure 11(b), reveal that resonance excitations within the nitrate absorption band produce428

an exceptional Raman intensity increase.429
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Figure 11: Calculated Resonance Raman Excitation Profile (RREP) for the vibrational mode
ν1 of the global minima of (a) [NO2 (H2O)5]

−, (b) [NO3 (H2O)5]
− (c) and (d)[SCN (H2O)5]

−.
For the RREP in excitation wavelengths covering the main band, the excited states 3, 4, 5, 6
and 7 were used for nitrite (2, 3, 4 and 5 for nitrite), whereas just the first excited state was
taken for the RREPs in the inset. In (c) and (d), the first 12 excited states were considered.
B3LYP/6–311++G(d, p) and VG|FC were used in all cases.

In the case of thiocyanate, and given the conflicting predictions offered by the two solva-430

tion models concerning the most intense peak, we built the excitation profiles for both ν1 and431

ν2. The associated plots are shown in Figures 11(c) and (d) for W5S1, the putative global432

minimum for the microsolvation of [SCN]− with five water molecules. The corresponding433

plots for W5S2 are available in the ESI. Our results indicate that regardless of the structure434

(W5S1 vs W5S2), for those particular normal modes, the most critical changes in the RR435

intensities are primarily appreciated near 205 nm, which is the average wavelength where436

the intense absorption band of the ion is found.437
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Usually, in the absorption spectra of samples containing diverse targets, each absorption438

band derives from a particular analyte, and then, the vibrational Raman spectrum of the439

mixture could be selectively enhanced with proper changes in the excitation wavelength.26440

Here, the situation is more complicated because of the overlap between the absorption spec-441

tra in specific regions (see Figure 2), thus, it is desirable to selectively enhance just those442

individual signals that should end up well separated in the collective RR spectrum. After443

probing several incident wavelengths, our results indicate that for the particular case of com-444

plex aqueous mixtures containing nitrite, nitrate and thiocyanate, ω0 = 210 nm offers good445

separation and enhanced intensity of all peaks, thus, we postulate RR as a viable technique446

for the simultaneous detection of those three ions. To illustrate how our protocol has the447

potential to be applied to realistic samples containing multiple pollutants, we plotted in448

Figure 12 the collective RR spectra for the three ions calculated at ω0 = 210 nm. This com-449

putational protocol will remove two heavy barriers in the analysis of complex water samples:450

by carefully selecting the incident wavelength for RR, the protocol may be used in cases451

where the absorption spectra overlap, and, by the very nature of RR, the limits of detection452

may be pushed a few orders of magnitude. We are currently in the process of collecting453

experimental data for solutions containing pairs of the salts, all the salts together, different454

types of water (high purity water, sink water and contaminated water, e.g, water from lakes,455

rivers or fountains), those results will be the subject of future publications.456
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Figure 12: Computed spectra of microsolvated nitrite, nitrate and thiocyanate with five
water molecules. Level of theory: B3LYP/6–311++G(d, p). The non-normalized version of
these spectra can be found in Figure S19 in the ESI.
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4 Summary and conclusions457

In this work, we have presented a computational methodology, based on the RR technique,458

with the potential to guide the simultaneous identification and quantification of NO−
2 , NO

−
3459

and SCN− in dilute aqueous samples, by accurately predicting their respective spectroscopic460

responses. The principal steps of the proposed protocol can be summarized as follows:461

1. Exhaustive configurational sampling of the solvated ions462

2. Optimization, classification, and vibrational characterization of the molecular clusters463

or snapshots464

3. Calculation of UV–Vis spectra and comparison with experimental information (when465

available), assessing the quality of model chemistries and the different representations466

of the solvent467

4. Selection of the excited states associated with principal electronic transitions, and468

selection of potential excitation wavelengths469

5. Calculation of RR spectra with the excited states found in the previous step470

6. Choosing of the most important normal modes with which the ions will be identified and471

building of the RREP to retrieve excitation wavelengths where the greatest intensities472

can be experimentally obtained473

7. Analysis of the information given by the grouped RREPs to find the appropriate in-474

cident wavelength (ω0) with which a sample containing the combined ions can be475

optimally irradiated476

By employing the above set of steps we were able to reproduce the main characteris-477

tics of the RR spectra for nitrite and nitrate and predicted the RR spectrum for aqueous478
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thiocyanate. We demonstrate that by setting the incident radiation to 210 nm it is pos-479

sible to simultaneously detect all three ions. A rigorous configurational sampling of the480

solute· · · solvent microclusters, and proper accounts of solvent are of paramount importance481

in the simulation of Resonance Raman spectra. In particular, for nitrite, nitrate and thio-482

cyanate, explicit water molecules improved in all cases the agreement with experimental483

data. Our analysis strongly suggests that the popular continuum solvation models, which484

are often employed without further validation, might inaccurately predict intensities.485

Our computational methodology can aid in the design of protocols and experimental486

setups for the evaluation of water quality as it relates to the presence of NO−
2 , NO

−
3 and487

SCN−. We further hope to extend the designed protocol to other ions of interest in the control488

of a much wider array of emerging contaminants with the explicit benefits of simultaneously489

detecting pollutants whose absorption spectra overlap and pushing detection limits to lower490

concentrations. When tackling more general cases, further research may be needed in order to491

describe some of the variables involved in the experiments, such as the changes in intensities492

with varying concentrations since we are microsolvating just one ion in every case. Likewise,493

structural and spectroscopic effects of the ions on each other were not considered for the494

mixture, and a Molecular Dynamics simulation of the combined ions would be the first step495

in that regard. These aspects will be addressed in future work.496
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(33) Flórez, E.; Acelas, N.; Ibargüen, C.; Mondal, S.; Cabellos, J. L.; Merino, G.; Re-592

strepo, A. Microsolvation of NO−
3 : structural exploration and bonding analysis. RSC593

Adv. 2016, 6, 71913–71923.594

(34) Gonzalez, J. D.; Florez, E.; Romero, J.; Reyes, A.; Restrepo, A. Microsolvation of595

Mg2+, Ca2+: strong influence of formal charges in hydrogen bond networks. J. Mol.596

Model. 2013, 19, 1763–1777.597

35

https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract_id/7482/report/F
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract_id/7482/report/F
https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.abstractDetail/abstract_id/7482/report/F


(35) Egidi, F.; Giovannini, T.; Del Frate, G.; Lemler, P. M.; Vaccaro, P. H.; Cappelli, C.598

A combined experimental and theoretical study of optical rotatory dispersion for (R)-599

glycidyl methyl ether in aqueous solution. Phys. Chem. Chem. Phys. 2019, 21, 3644–600

3655.601

(36) Giovannini, T.; Riso, R. R.; Ambrosetti, M.; Puglisi, A.; Cappelli, C. Electronic transi-602

tions for a fully polarizable qm/mm approach based on fluctuating charges and fluctu-603

ating dipoles: linear and corrected linear response regimes. J. Chem. Phys. 2019, 151,604

174104.605

(37) Puglisi, A.; Giovannini, T.; Antonov, L.; Cappelli, C. Interplay between conformational606

and solvent effects in UV-visible absorption spectra: Curcumin tautomers as a case607

study. Physical Chemistry Chemical Physics 2019, 21, 15504–15514.608
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