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Abstract: The factors determining the spectroscopic characteristics of the v1-SO4
22 band of the MgSO4 ion pairs are

discussed via ab initio calculation, including coupling effect, hydrogen bonding effect, and direct contact effect of

Mg2þ with SO4
22. With the calculation of the heavy water hydrated contact ion pairs (CIP), the overlap between the

librations of water and the v1-SO4
22 band can be separated, and thus the coupling effect is abstracted, and this coupling

effect leads to a blue shift for the v1-SO4
22 band of 5.6 cm21 in the monodentate CIP and 3.6 cm21 in the bidentate

CIP. The hydrogen bonding between each water molecule without relation to Mg2þ and the sulfate ion makes the v1-
SO4

22 band blue shift of 3.7 cm21. When the outer-sphere water around Mg2þ are hydrogen bonded between SO4
22

and Mg2þ, it will make the largest disturbance to the v1-SO4
22 band. Moreover, the inner-sphere water can affect the

v1-SO4
22 band conjunct with the direct contact of Mg2þ with SO4

22, showing a blue shift of 14.4 cm21 in the solvent-

shared ion pair, 22.6 cm21 in the monodentate CIP, 4.3 cm21 in the bidentate CIP, and 21.4 cm21 in the tridentate

CIP. At last, the Raman spectral evolution in the efflorescence production process is tried to be rationalized. The

shoulder at 995 cm21 is attributed to the monodentate CIP with 2–3 outer-sphere water molecules, whereas the new

peak at 1021 cm21 at high concentration is assigned to the formation of aqueous triple ion.
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Introduction

In the investigations of chemistry, Mg2þ and SO4
22 ions are of-

ten selected to test various theories of strong electrolyte solu-

tions.1–9 Earlier studies on aqueous magnesium sulfate solutions

were from the conductivity and ultrasonic relaxation measure-

ments. In 1962, Fisher observed a decrease in the concentration

of MgSO48 with the elevated pressure via the conductivity

method.10 At almost the same time, Eigen and Tamm7,8 estab-

lished the equilibrium equations from free aqueous ions to con-

tact ion pairs (CIP) in solutions analogous to that of MgSO4 by

using ultrasonic relaxation techniques. The ion association model

was represented as follows:

MmþðaqÞ þ Ln�ðaqÞ$K1 ½MmþðOH2ÞðOH2ÞLn��ðaqÞ$K2

free ions 2SIP

½MmþðOH2ÞLn��ðaqÞ$K3 ½ML�ðm�nÞþðaqÞ
SIP CIP

where 2SIP, SIP, and CIP denote double solvent separated

(outer-outer-sphere) ion pairs, solvent-shared (outer-sphere) ion

pairs, and contact (inner-sphere) ion pairs.11

From 1970s, Raman spectroscopy was introduced in search-

ing for the proof of CIP and there are large numbers of work

reported.12–32 Chatterjee and coworkers14 noticed that the v1-
SO4

22 band, that is, the symmetrical stretching mode of SO4
22,

showed a peak at �982 cm21 with slight asymmetry to the

high-frequency side even in the diluted solution. They confirmed

that this asymmetric peak has a strong band at 982 cm21 and

weak one at 995 cm21. There are two opposite theories trying to

explain the weak band at 995 cm21. Some researchers18,30,31

attributed it to the larger differences in the rotational correlation

time of the water near the sulfate ion and the cation.

Others13,17,22–24,32 suggested that the presence of the shoulder at

995 cm21 was the indicator of the presence of the CIP. Remark-

ably, Rudolph et al.11 predicted that the shoulder at 995 cm21 is

caused by the monodentated CIP (MgOSO3) by using the dielec-

tric relaxation spectroscopy technique. This uncertainty was

arisen partially because of the small population of CIP in dilute
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or even saturated solutions in bulk solutions, thus limiting the

intensity of the weak band in the spectra. The limitation was

overcome by combining the electrodynamic balance (EDB) tech-

nique with Raman spectroscopy. Levitation of the MgSO4 drop-

lets in the EDB cell allowed Raman observation on the solutions

under supersaturated state,25–28 which provides spectroscopic in-

formation on CIP. According to the Raman spectra of the levi-

tated droplets, three characteristics were observed for the v1-
SO4

22 band with decreasing water-to-solute ratio (WSR) from

17.29 to 1.54 as follows: (i) the v1-SO4
22 band shifted from 983

to 1007 cm21 (or 1021 cm21 in ref. 28); (ii) the full width at

half-height increased from 12 to 54 cm21; (iii) the asymmetry

was more obvious with a shoulder at 995 cm21 under supersatu-

rated state, and the shoulder became a main peak when the

WSR was 4.15. The phenomena were simply attributed to the

formation of the CIP. However, there are at least two questions

unanswered: (i) what are the detailed structures for the various

ion pairs in the solutions? (ii) how do the hydrated water mole-

cules and Mg2þ directly contacting with SO4
22 perturb the shape

of the v1-SO4
22 band? Theoretical calculation was thought to be

an available technique to settle the two questions and some

investigations have been reported. With the ab initio method,

geometries were optimized for the CIP between Mg2þ and

SO4
22, including the monodentate, bidentate, tridentate, and

the polymeric CIP.29 Especially, the optimized polymeric CIP

was used to explain the formation of gel state at high

concentration.

Because of the diversity of the ion pairs, aqueous magnesium

sulfate solution is believed to be a complex system for under-

standing the shape of v1-SO4
22 band changing with the concen-

tration. Coulomb interaction between Mg2þ and SO4
22, hydrogen

bonding between H2O with SO4
22, as well as the coupling

between H2O liberations and the v1-SO4
22 band are factors

affecting the position of v1-SO4
22 band. How to elucidate the

contributions of these factors on the shift of the v1-SO4
22 band

is the key for understanding the shape of the v1-SO4
22 band

changing with the concentration of MgSO4, that is, the ion

association model.

The isotope probe is thought to be one of the most useful

methods to solve the difficulty of spectroscopic assignment.

Isotope substitute was extensively used in experimental investi-

gation some decades ago. However, the accurate located substi-

tution has many restrictions in experiment. For example, it is

very difficult to substitute a certain water molecule in solution.

Obviously, the theoretical calculation can settle the kind of diffi-

culty easily, and some researchers have begun to try to use it for

the past decade.33–38 More concretely, the theoretical calculation

with the introduction of isotope probe can be used to understand

the complexity related to the shape of v1-SO4
22 band even

though it is not enough recognized by the theoretical research-

ers. In this article, the isotope substitute is used in the calcula-

tion to estimate the effect of the vibrational coupling of H2O

librations on the v1-SO4
22 mode, which proves that isotope probe

is useful in the theoretical studies.

In this work, we performed an ab initio calculation to investi-

gate the effects, including the detailed structures of CIP, hydro-

gen bonding, and coupling between librations of H2O with the

v1-SO4
22 band, on the v1-SO4

22 band quantitatively.

Computational Methodology

Based on the studies of Pye and Rudolph39 and Zhang,29 in

MgSO4(aq) system, the Hartree-Fock frequencies are in good

agreement with the experiments, whereas it is well known that

geometries and energies calculated by the density functional

theory (DFT) are more accurate. Because the vibrational fre-

quencies are studied mainly in this work, the geometries of all

minima are optimized at the HF/6-31þG* level without extra in-

dication, followed by harmonic vibrational frequency calcula-

tions. The DFT method is only used in the calculations of the

fundamental theoretical models in the first part to ensure the

reliability of the models. The zero-point energy corrections are

carried out at the same level. Calculations of isotopical substi-

tutes were used to study the v1-SO4
22 band in system of heavy

water. All calculations are performed with the Gaussian 98

program.

The hexahydrated sulfate ion proposed by Pye and Rudolph39

is shown in Figure 1, which will be used as the theoretical

model of the ‘‘free’’ (the name is presented in ref. 40) sulfate

ion, that is, the SO4
22 is disturbed only by the water around it.

This model is chosen, because water can influence the frequen-

cies of sulfate ion only by hydrogen bonding with SO4
22 in the

system when the ion pair does not exist. And although the num-

ber of the water molecules in the first hydrated sphere of SO4
22

can be added up to 12 at most,41 the number of hydrogen bonds

in the hexahydrated model selected by us has reached its maxi-

mum of 12. In fact, the effect of outer-sphere water, which

would make larger shift to the calculated wavenumbers, is not

considered in the model. This approximation will lead to larger

scaling factors although it is not very remarkable.

Previous work29,39 indicated the Hartree-Fock frequencies

multiplied by a scaling factor can be in good agreement with the

values obtained from experiments, in which the calculated fre-

quencies of v1, v2, v3, and v4-SO4
22 bands of the hexahydrated

sulfate ion are at 1030 cm21, 494 cm21, 1181 cm21, and 657

cm21, respectively, whereas they are at 981 cm21, 463 cm21,

1095 cm21, and 621 cm21 in Raman spectrum of ammonium

sulfate solution in which the SO4
22 is thought to be ‘‘free.’’25

Therefore, the scaling factors of the four bands are 0.9524,

0.9373, 0.9272, and 0.9452. Some frequencies of v1 band after

multiplying the scaling factors (0.9524) are also listed in tables

for comparing them with the values from experiments.

Results and Discussion

Foundational Theoretical Models

For theoretical models, four aqueous ion pairs with only the first

hydrated sphere of the magnesium ion, that is, one SIP and three

CIPs (include the monodentate, bidentate, and tridentate CIPs,

shown in Fig. 1), are optimized at HF/6-31þG* and B3LYP/6-

311þþG(d,p) levels. The SIP, the monodentate, and the biden-

tate CIPs can exist as minima on the potential energy surface at

both two levels; however, the tridentate CIP has a low imaginary

frequency (i27.03 cm21) at B3LYP/6-311þþG(d,p) level though

it is also a minimum at HF/6-31þG* level. These showed that

the tridentate CIP is a shallow minimum with high relative
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energy on the potential energy surface, which had been con-

firmed to connect the mono and the bidentate structures via two

low barriers by intrinsic reaction coordinate calculation.

In Figure 1, the SIP consists of a sulfate ion and a magne-

sium ion hydrated by six water molecules. It is in roughly C3

symmetry. There are three hydrogen bonds between the sulfate

ion and the water molecules. O��O distances in the hydrogen

bonds are all 2.524 Å. Formation of the hydrogen bonds breaks

the Td symmetry of SO4
22. Three S��O (SO4

22) distances with

the O atoms hydrogen bonding to the hydrated water molecules

are all 1.501 Å, larger than that in the isolated SO4
22 with 1.490

Å as shown in Figure 1. The last S��O distance in the SIP is

1.430 Å, which is shorter than that in the isolated SO4
22. Similar

pattern is also observed in the octahedral symmetry of hexahy-

drated Mg2þ. The symmetry is broken by the formation of

hydrogen bonds (the hexahydrated Mg2þ is also shown in Fig.

1). The Mg��O distances, of which the three O atoms are

involved in the hydrogen bonds, are shortened to 2.065–2.066

Å, compared to the other three ones (2.146–2.148 Å) not form-

ing of hydrogen bonds. In the monodentate CIP, one Mg��O(S)

contact structure and two hydrogen bonds with the SO4
22 as O

donors are found, in which the H2O hydrated to Mg2þas H

donors. The O��O distances in the hydrogen bonds are 2.578

and 2.605 Å. Formation of hydrogen bonds and the Mg��O(S)

Figure 1. Structures of the isolated SO4
22, Mg2þ(H2O)6, SO4

22(H2O)6, SIP and three CIPs with only

the inner-sphere water molecules of magnesium ion as fundamental theoretical models. The O��O dis-

tances in the hydrogen bonding are shown in the bottom of their corresponding structures. Bond

lengths are in angstrom and bond angles are in degree.
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contact structure can both lead to the extended length of the

S��O distances and the shortening the Mg��O distances. This

effect is larger in the Mg��O(S) structure, which might results

from the stronger interaction of direct association between Mg2þ

and SO4
22, compared to hydrogen bond. S��O distances are

1.536 Å in the Mg��O(S) structure, 1.480–1.485 Å when they

are under the effect of the hydrogen bonds and 1.430 Å in the

bond without any influences. Mg��O distances are 1.967, 2.095–

2.099, and 2.119–2.173 Å in the three kinds of structures. In the

bidentate CIP, there are two Mg��O(S) structures, with Mg��O

distances of 2.013 and 2.021 Å and S��O distances of 1.524 and

1.529 Å. In addition, one hydrogen bond, with the O��O dis-

tance of 2.747 Å, exists between an oxygen atom of SO4
22 and

a water molecule out of the chelation plane. The hydrogen bond

is weaker than those in the SIP and monodentate CIP, so that

the S��O and Mg��O distances in the bidentate CIP change

very little. For tridentate CIP, it has three Mg��O(S) contact

structures and three hydrogen bonds with the C3 symmetry;

Mg��O and S��O distances in the contact structures are 2.168

and 1.507 Å, O��O distances in the hydrogen bonds are 2.738

Å. In the SIP and three CIPs, O��O distances in the hydrogen

bonds are all shorter than those in hexahydrated SO4
22 (2.948

Å), suggesting that the water molecules in the ion pairs can

bring more influence to the SO4
22 bands than those in hexahy-

drated SO4
22 by stronger hydrogen bonds.

The SO4
22 ion with Td symmetry has nine modes of internal

vibration, representated as Gvib(Td) ¼ a1 þ e þ 2f2. These

modes correspond to v1, v2, v3, and v4-SO4
22 bands in Raman

spectrum. In these four bands, the symmetrical stretching of v1-
SO4

22 band was found to be sensitive to the formation of the

associated ion pairs. However, there is no agreement on the

understanding of the effect of the formation of various CIP on

the v1-SO4
22 band. In this work, calculated frequencies of the

v1-SO4
22 band are 1022.1 cm21 in SIP, 1030.3 cm21 in mono-

dentate CIP, 1012.0 cm21 in bidentate CIP, and 1029.1 cm21 in

tridentate CIP. All of them are larger than that of isolated sulfate

ion (1007.7 cm21). The order of the effects on the v1-SO4
22

band in the different ion pairs is monodentate CIP � tridentate

CIP > SIP > bidentate CIP. It does not look regular, which

might indicate that there are likely multifactor effects on the

shift of the v1-SO4
22 band, which are hardly distinguished

according to spectroscopic observations. However, theoretical

attempt is always possible to extract the different effects on the

shift of the v1-SO4
22 band, from vibrational coupling between

H2O librations and the v1-SO4
22 band, interactions of hydrogen

bonding, and direct contact between SO4
22 and Mg2þ.

Effects on the v1-SO4
22 Band

The hydration of SO4
22 has been studied by Pye and Rudolph39

They found that there is a simple blue shift for the v1-SO4
22

band with the increase in the number of hydrated water mole-

cules. However, once the ion pairs form, other complex effects

are also observed, including direct contact between Mg2þ and

SO4
22, hydrogen bond between SO4

22 and the H2O hydrated to

Mg2þ, vibrational coupling between the v1-SO4
22 mode and the

librations of the H2O connected with SO4
22.

Effect of Coupling Vibrations

Although investigating the v1-SO4
22 modes of the monodentate

and bidentate CIPs, coupling effect between the v1-SO4
22 mode

and librations of the H2O must be considered. The librations are

transformed from the rotational modes after free water mole-

cules are bound to a matrix. Because of the restriction of magne-

sium and sulfate ions, the rotational modes transfer to libration

modes, which are observed in the monodentate and bidentate

CIPs (shown as Fig. 2, the arrowheads denote the displacement

vectors of the atoms in the vibrations). The libration frequencies

of water molecules are determined by different cations and the

location of the water; therefore, they vary in the SIP and three

CIPs with the different stereo structures. Calculated frequencies

of the librations of the water molecules and the v1-SO4
22 mode

are listed in Table 1. It is shown that the frequencies of the

librations are 1019.1 and 966.0 cm21 in the mono and bidentate

CIPs, respectively, which are close to those of the v1-SO4
22

mode (1030.3 and 1012.0 cm21). The vibrational coupling

between the librations and the v1-SO4
22 mode was found only

for the H2O connected with SO4
22 through hydrogen bonding in

the two kinds of ion pairs. Contrary to the mono and bidentate

CIPs, the frequencies of the librations in SIP and tridentate CIP

(728.6 and 793.2 cm21) are far from those of the v1-SO4
22

mode, in which no couplings can take place.

To understand the effect of coupling quantitatively, the

hydrogen atoms were substituted by deuterium atoms in the

monodentate CIP. The libration mode of D2O moves to 855.5

cm21, which would not couple with the v1-SO4
22 mode again.

The frequency of the v1-SO4
22 band appears at 1024.7 cm21,

which is 5.6 cm21 lower than that in the nondeuterated one.

Analogously, the v1-SO4
22 band shifts from 1012.0 to 1008.4

cm21 (3.6 cm21) for the bidentate CIP, when all hydrogen

atoms are substituted by deuterium. The calculated results indi-

cate that the coupling will lead to the blue shift of the v1-SO4
22

band.

Contact Effects of H2O and Mg2þ

The disturbance to the v1-SO4
22 band from the coupling can

be eliminated by the substitution of deuterium for hydrogen.

The other influence factors come from direct contact of Mg2þ

with SO4
22, and the formation of hydrogen bonds between

SO4
22 and different water molecules. Furthermore, effects of

hydrogen bonds can be divided into three categories as differ-

ent water molecules, that is, water molecules without relation

to Mg2þ and those in the outer and inner-sphere of aqueous

Mg2þ.

For the effect of water molecules not related to Mg2þ, studies

have been done by Pye and Rudolph39 at HF/6-31þG* level.

We performed the similar calculation at the same level and

obtained same results, in which the aqueous sulfate ion with 1–6

water molecules not affected by Mg2þ shows the v1 frequencies

of 1012.0, 1018.4, 1021.1, 1025.3, 1026.9, and 1030.0 cm21,

respectively (when there is more than one structure of the same

stoichiometry, the lowest energy one is used). The calculated

frequencies show linear correlation with the number of water

molecules according to Figure 3. The slope of the line indicates
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that the frequency is increased by 3.7 cm21 when one more

water molecule without relation to Mg2þ is added.

To understand the effects from the outer-sphere water mole-

cules, we enlarged the system and added some outer-sphere

water molecules on the foundational theoretical models in sec-

tion A. There are three modes to insert the new water molecules

to the systems, that is, connecting with SO4
22 only, with Mg2þ

only and with both Mg2þ and SO4
22. In detail, 1–4 outer-sphere

Table 1. The Frequencies of Libration of the H2O and the v1-SO4
22 Modes Both in Deuterated and

Undeuterated Ion Pairs.

Mode SIP Monodentate CIP Bidentate CIP Tridentate CIP

Libration (deuterated) 541.9 855.5 743.7 589.1

Libration (nondeuterated) 728.6 1019.1 966.0 793.2

v1SO4
22 (deuterated) 1022.1 1024.7 1008.4 1029.0

v1SO4
22 (nondeuterated) 1022.2 1030.3 1012.0 1029.1

The frequencies are in cm21.

Figure 2. The displacement vectors of atoms in the v1-SO4
22 mode of the aqueous ion pairs. In the

monodentate- and bidentate- CIPs, the librations of the water can be seen obviously. In contrary to

them, there are only the symmetrical stretching modes of the SO4
22 in the SIP and the tridentate CIP.
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water molecules were added on the SIP, mono and bidentate

CIPs (since the tridentate CIP is not a stable structure from pre-

vious mention, its enlarged models with outer-sphere water mol-

ecules are not discussed in this work), and thus we gave 12

initial geometries for each mode. Figure 4 shows all optimized

ion pairs with some outer-sphere water molecules, with their cal-

culated v1-SO4
22 frequencies listed in Table 2. In Figure 4, 1–3

are the ion pairs with water added to SO4
2þ side, 4–14 with

water added between Mg2þ and SO4
22, and 15–23 with water

added to Mg2þ side.

When the water molecules are added to SO4
22 side, only 3 of

12 initial geometries can be optimized as minima on the poten-

tial energy surface (shown as 1–3 in Fig. 4). And in the other

geometries, the added water molecules tend to move to

the location between Mg2þ and SO4
22. However, energies of the

three structures are higher than their isomeric compounds in

which the water is added between Mg2þ and SO4
22. For exam-

ple, the energy of structure 1 is about 21 kcal/mol higher than

that of its isomeric compound 6, which indicates that the SIP is

more dominating when the outer-sphere water molecules are

added between Mg2þ and SO4
22 as structure 6. In other words,

the isolated SO4
22 can be considered to be inserted into the

hydrated sphere of Mg2þ when the aqueous SO4
22 is close to the

aqueous Mg2þ with the increase of the concentration.

When the water is added between Mg2þ and SO4
22, more

structures are confirmed to exist as minima on the potential

energy surface. Figure 4 shows 11 ion pairs with the water

added between Mg2þ and SO4
22. Among them, 4–6 are SIPs.

Their molecular formulas are [Mg(H2O)6SO4](H2O) for 4,

[Mg(H2O)6SO4](H2O)2 for 5, and [Mg(H2O)6SO4](H2O)3 for 6.

7–10 are monodentate CIPs, with the molecular formulas of

[(H2O)5MgSO4](H2O), [(H2O)5MgSO4](H2O)2, [(H2O)5MgSO4]

(H2O)3 and [(H2O)5MgSO4](H2O)4, respectively. In addition,

11–14 are bidentate CIPs, with the molecular formulas of

[(H2O)4MgSO4](H2O), [(H2O)4MgSO4](H2O)2, [(H2O)4MgSO4]

(H2O)3 and [(H2O)4MgSO4](H2O)4. Table 2 lists the v1-SO4
22

frequencies corresponding to the ion pairs with the geometries

in Figure 4. The frequency increases with increasing the number

of water molecules in all three kinds of ion pairs. The depend-

ence of the frequency on the number of water molecules is

shown in Figure 5. For these three types of ion pairs, they are in

linear correlation to their frequencies and the number of the

outer-sphere water molecules. According to the slopes of the

three lines, we can derive that the blue shifts of the v1-SO4
22

bands are 4.6 cm21, 6.8 cm21, and 5.5 cm21 when each outer-

sphere water molecule is added into the SIP, mono, and biden-

tate CIPs, respectively. All the blue shifts are larger than that

caused in the water molecule without correlation of Mg2þ with

average value of 3.7 cm21, suggesting that the H2O influenced

by the Mg2þ has a stronger ability to affect the SO4
22 via forma-

tion of hydrogen bonds. These results also show that the v1-
SO4

22 band in the monodentate CIP blue shifts is larger than

those in the bidentate CIP, which is consistent with our previous

conclusion in the section (A).

When the water is added to Mg2þ side, nine ion pairs were

obtained. They are SIPs (15–17 in Fig. 4), monodentate CIPs

(18–20 in Fig. 4), and bidentate CIPs (21–23 in Fig. 4) with 1–3

water molecules on Mg2þ side, respectively. The dependence of

the frequencies on the number of outer-sphere water is shown in

Figure 6, which shows linear correlation in the three kinds of

ion pairs except the two points (A and B). From slopes of the

three lines, we can deduce shifts of 4.8 (red), 0.6 (blue), and 0.9

(red) cm21 when one more outer-sphere water molecule is added

to the Mg2þ side in SIP, mono, and bidentate CIPs. The values

of these shifts are relatively smaller compared to those in which

water is added between Mg2þ and SO4
22. Even in the SIP and

bidentate CIP, the blue shifts are so small that they hardly can

be taken into account.

For comparison, the frequencies after multiplying the scaling

factor of the v1-SO4
22 band (0.9524) are also listed in Table 2.

From these frequencies, it can be seen that the frequency of the

v1-SO4
22 band in experimental Raman spectrum (995 cm21) cor-

responds with that of the monodentate CIP with two or three

outer-sphere water molecules added between Mg2þ and SO4
22,

which has the WSR about eight (between 8 and 9 in Table 2).

This is consistent with those observed in the experiment that the

intensity ratio of the component at 995 cm21 to that at 981

cm21 in the v1-SO4
22 band (I995/I981) has an abrupt increase

when the RH is decreased to 60% (WSR � 8.36).28

The effects of inner-sphere water molecules and direct con-

tact of the Mg2þ with the SO4
22 are always exerted coopera-

tively. Based on the fundamental theoretical models discussed in

section (A), we did a rough attempt to separate the two kinds of

effects. It can be seen from Table 1 that the frequency of the v1-
SO4

22 band of SIP with only inner-sphere water molecules is

1022.1 cm21 after the coupling is eliminated by deuterated

model, whereas the frequency of isolated SO4
22 is calculated to

be 1007.7 cm21. The difference of 14.4 cm21 between them

comes from the contribution of three inner-sphere water mole-

cules. Therefore, every inner-sphere water molecule can induce

a blue shift of 14.4/3 ¼ 4.8 cm21 to the v1-SO4
22 band on

average. Similarly, after deuteratation treatment, the frequencies

of the v1-SO4
22 band of three CIPs are 1024.7, 1008.4, and

1029.1 cm21, which have two, one, and three inner-sphere water

molecules connected with SO4
22 as shown in Figure 1. If the

Figure 3. Dependence of the calculated frequency of the v1SO4
22

band on number of ‘‘free’’ water molecules.
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Figure 4. Ion pairs with some outer-sphere water molecules of aqueous magnesium ion.
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effect of every inner-sphere water molecule is also set to be 4.8

cm21 in the CIPs, simple calculations will show that the direct

contact of Mg2þ with SO4
22 to form monodentate, bidentate,

and tridentate CIPs will lead to the v1-SO4
22 band shifting of 7.4

(blue), 4.1 (red), and 7.0 (blue) cm21, respectively.

When the ion pairs come into formation, there are always

three hydrated sites for the SO4
22 occupied by the aqueous

Mg2þ, so that we can estimate the blue shift of the v1-SO4
22

band resulting from the replacement of three water molecules

without relation to Mg2þ by an aqueous Mg2þ. First, the blue

shift of the v1-SO4
22 band caused by three water molecules with-

out relation to Mg2þ is about 11.1 cm21, which is three times of

3.7 cm21. Next, there are different blue shifts of the v1-SO4
22

band from the isolated SO4
22 to four types of ion pairs

(including the effects of couplings), which are 14.4 cm21 for

SIP, 22.6 cm21 for monodentate CIP, 4.3 cm21 for bidentate

CIP, and 21.4 cm21 for tridentate CIP. Thus the differences

between the two kinds of blue shifts are 3.3 cm21, 11.5 cm21,

26.8 cm21, and 10.3 cm21, respectively. Among them, mono-

dentate and tridentate CIPs have the similar difference values to

experimental result of 12 cm21 (983–995 cm21).25 However, the

tridentate CIP is not stable enough to exist largely in the actual

solution. Therefore, the shoulder of the v1-SO4
22 band in Raman

spectrum might be attributed to the formation of monodentate

CIP, which corresponds with the earlier discussion and some

reports coming from the experimental results.11,22,25,27,28

Hydrated Triple Ion Under Concentrated Condition

From the foundational theoretical model of SIP in section (A),

we can see that the aqueous magnesium occupies three sites of

six hydrated sites of SO4
22. Thus, the least number of water

molecules is nine, which can fill the first hydrated sphere of SIP

(three ones are on Mg2þ side, three on SO4
22 side, and three in

middle of Mg2þ and SO4
22). That is, when the WSR of solution

is lower than nine, the SIP will transfer to CIP, or vacant sites

will emerge from its SO4
22 side to allow the second aqueous

Mg2þ approaching it to form hydrated triple ion (TI), which can

Table 2. The Calculated Frequencies of the v1-SO4
22 Band of the Ion

Pairs with Some Outer-Sphere Water Molecules (as Shown in Fig. 4).

Species

Frequency

31.0000 30.9524

1 1032.7 983.5

2 1037.6 988.2

3 1031.1 982.0

4 1026.7 977.8

5 1031.2 982.1

6 1036.0 986.7

7 1036.6 987.3

8 1041.3 991.7
9 1052.2 1002.1

10 1056.6 1006.3

11 1021.6 973.0

12 1019.7 971.2

13 1032.4 983.3

14 1034.1 984.9

15 1020.9 972.3

16 1013.1 964.9

17 1014.4 966.1

18 1031.5 982.4

19 1036.9 987.5

20 1029.6 980.6

21 1009.2 961.2

22 1005.9 958.0

23 1000.6 953.0

Among them, 8 and 9 are italicized, whose calculated frequencies corre-

spond with the experimental frequency of the shoulder in the v1-SO4
22

band at 995 cm21. The frequencies are in cm21.

Figure 5. Dependence of the calculated frequency of the v1-SO4
22

band on number of outer-sphere water molecules which are added

between Mg2þ and SO4
22: triangles, SIP; squares, monodentate

CIP; circles, bidentate CIP.

Figure 6. Dependence of the calculated frequency of the v1-SO4
22

band on number of outer-sphere water molecules which are added to

the Mg2þ side: squares, SIP; circles,monodentate CIP; triangles,

bidentate CIP.
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make a bigger blue shift of the v1-SO4
22 band. This kind of TI

was first proposed by Bunchner et al.42 They thought that the

band at 1021 cm21 in Raman spectrum is an indication of

the formation of the TIs in supersaturated droplets. Based on the

geometries suggested by them, we optimized four TIs with one

sulfate and two aqueous magnesium ions (written as the formula

of [Mg2þ(H2O)m]SO4
22[Mg2þ(H2O)n], where m, n ¼ 4, 5, and 6,

denoted bidentate CIP, monodentate CIP, and SIP structures,

respectively). Their structures are shown as a–d in Figure 7 (the

values in the parentheses is the approximate WSR when this

kind of TI is dominant in the solution). Among them, a has a

SIP–SIP structure with the molecular formula of

[Mg2þ(H2O)6]SO4
22[(H2O)6Mg2þ], b and c have SIP-CIP struc-

tures with the molecular formulas of [Mg2þ(H2O)6]-

SO4
22[Mg2þ(H2O)5] and [Mg2þ(H2O)6]SO4

22[Mg2þ(H2O)4], and

d has a CIP–CIP structure (in some other references, it is known

as bridge-structure) with the molecular formula of

[(H2O)5Mg2þ]SO4
22[Mg2þ(H2O)5]. The frequencies of the v1-

SO4
22 band of these four TIs are listed in Table 3, from which

we know that the frequencies of the v1-SO4
22 band in all these

TIs, after multiplication of a scaling factor of 0.9524, are close

to 1021 cm21 except c (SIP-bidentate CIP). However, c and d

are isomeric compounds. Energy of c is 16.93 kcal/mol higher

than that of d at HF/6-31þG* level, so that d is more favorable

in the solution. Also from previous discussions, we can predict

that when the WSR of the supersaturated droplet decreases to

nine, the shoulder at 1021 cm21 will confirm the formation of

the TIs with a, b, or d structures. With continuous decrease of

the WSR, more TIs form, which leads the relative intensity of

the component at 1021 cm21 to increase. When the WSR is

lower than five, the TI with d structure will be extended into a

chain structure by connecting more sulfate and magnesium ions

in turn. With the further decrease of the WSR, more complicated

reticular structures might dominate in the system till the forma-

tion of amorphous crystal. The above process can explain well

the two transition points at WSR ¼ 9 (RH ¼ 60%) and WSR ¼
5 (RH ¼ 40%) in the curve of I1021/I981 versus WSR,28 and the

gel state at high concentrations (WSR < 4)25 can be rationalized

as the formation of the bridge-chain or reticular structure.

Figure 7. Geometries of triple ions (TIs) with different associated structures.

Table 3. The Calculated Frequencies of Four TIs (as Shown in Fig. 7)

and Their Values After Multiplying the Scaling Factor of 0.9524.

Species

Frequency

31.0000 30.9524

A 1078.8 1027.4

B 1073.3 1022.2

C 1040.6 991.1

D 1074.7 1023.5

The frequencies are in cm21.
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Conclusions

In this work, we have investigated the factors which can influ-

ence the v1-SO4
22 band in the Raman spectrum of the magne-

sium sulfate solution. They are divided into coupling effect,

water effect via the formation of hydrogen bonds, and direct

contact effect of Mg2þ with SO4
22. The coupling effect comes

from the vibrational coupling between librations of hydrated

water molecules of Mg2þ and the v1-SO4
22 mode, which lead to

blue shifts of 5.6 cm21 for the monodentate CIP and 3.6 cm21

for the bidentate CIP. Effects of water are further divided into

three categories—by irrelative, by outer-sphere, and by inner-

sphere of aqueous Mg2þ. The quantitative disturbances of them

to the v1-SO4
22 band have been presented. For every water mol-

ecule without relation to Mg2þ, it is 3.7 cm21. For outer-sphere

water molecules, it is varied when they are added to the differ-

ent location including to SO4
22 side, Mg2þ side, and between

SO4
22 and Mg2þ. When the water is added to the SO4

22 side,

the ion pairs cannot exist stably. When the water is added to the

Mg2þ side, it is much smaller than the effect when the water is

added between SO4
22 and Mg2þ with the blue shifts of 4.6, 6.8,

and 5.5 cm21 for each outer-sphere water molecule in SIP,

mono, and bidentate CIPs. Although the direct contact of Mg2þ

with SO4
22 will exhibit a cooperative effect with the formation

of hydrogen bonds between inner-sphere water molecules and

the SO4
22, this will induce the blue shifts of the v1-SO4

22 band

about 14.4 cm21 in the SIP, 22.6 cm21 in the monodentate CIP,

4.3 cm21 in the bidentate CIP, and 21.4 cm21 in the tridentate

CIP.

Based on our calculation, the experimental results can be

explained as the shoulder at 995 cm21 is attributed to the mono-

dentate CIP with 2–3 outer-sphere water molecules; the peak at

1021 cm21 with low RH results from the formation of the TIs;

the two transition points of I1021/I981 �RH at 60% and 40% cor-

respond to the formation of the TIs and a bridge-chain structure.

The entire process is illustrated as shown in Figure 8.
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