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We carried out DFT calculations for monohydrated sulfuric and phosphoric acids. We are interested in clusters
which differ in orientation of hydrogen atoms only. Such molecular complexes are close in energy, since they
lie in the vicinity of the global minimum energy structure on the flat potential energy surface. For
monohydrated sulfuric acid we identified four different isomers. The monohydrated phosphoric acid forms five
different conformers. These systems are difficult to study from the theoretical point of view, since binding
energy differences in several cases are very small. For each structure, we calculated harmonic vibrational
frequencies to be sure that if the optimized structures are at the local or global minima on the potential energy
surface. The analysis of calculated —OH vibrational frequencies is useful in interpretation of infrared
photodissociation spectroscopy experiments. We employed four different DFT functionals in our calculations.
For each structure, we calculated binding energies, thermodynamic properties, and harmonic vibrational
frequencies. Our analysis clearly shows that DFT approach is suitable for studying monohydrated inorganic
acids with different hydrogen atom orientations. We carried out MP2 calculations with aug-cc-pVDZ basis set
for both monohydrated acids. MP2 results serve as a benchmark for DFT calculations.
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Introduction

It is hard to imagine a world without solutions, and thus a
microscopic representation of hydrated acids underlies our
understanding of a broad spectrum of issues, ranging from
proton transfer to acid rains (it is strongly related to atmos-
pheric chemistry). Moreover, for many inorganic acids, the
path from small hydrated complexes to aqueous solution is
associated with very complex solvation process. Small
hydrated acid clusters mimic simplified forms of aqueous
solution whose evolution shows the transition from micro-
scopic to macroscopic world. The monohydrates of numer-
ous inorganic acids have been investigated, both experi-
mentally and theoretically. The H2SO,4---H,O system has
been observed by rotational spectroscopy measurements in a
supersonic jet.! The vibrationally averaged structure of
monohydrated of the system has been determined. However,
computational chemistry provides detailed information about
other possible conformers formed by H»SO4-:*H,O com-
plex. The H3;PO4:-*H,O clusters have not been studied
experimentally.! Study of solvation and dissociation phen-
omena is a really hard issue in contemporary computational
chemistry. In majority of cases the number of water mole-
cules which are necessary to dissociate inorganic acid and to
stabilize the hydronium cation is large. Such complexes
have very complicated geometrical structure and they are
really difficult to construct. To simplify this procedure, we

usually start from the simplest molecular (monohydrated)
complexes and then gradually increase the number of water
molecules. In that sense, this paper provides all initial con-
formations for both inorganic acids. It significantly facilities
creation of molecular complexes having larger number of
water molecules. Due to high complexity of the hydration/
dehydration which requires extensive theoretical studies, the
present aim is not to study such phenomena, but we have
tried to investigate the monohydrated inorganic acids as the
first step towards understanding the hydration phenomenon.
This mono-hydration study is vital to preparing the fully
anhydrated inorganic acids by de-hydrating the last water
molecule.

The hydration/dehydration phenomena of molecular
systems including diverse hydrated cations,” anions,’> simple
inorganic acids,* bases,” and salts® have already been report-
ed. However, geometrical parameters, infrared (IR) frequen-
cies and thermodynamic properties for hydration of a large
family of inorganic acids are still scarce.” The monohydrated
inorganic acids are very interesting molecular systems to
study, both from the experimental and theoretical point of
view. We carried out extensive Density Functional Theory
(DFT) calculations for monohydrated sulfuric acid (H>SO4)
and phosphoric acid (H;PO,).”'® The main purpose of this
research was to identify and characterize the most stable
conformers. We investigated isomers which show the differ-
ence only in hydrogen atom orientations (H-orientations).
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Different H-orientations occur due to specific alignment of
water molecule with respect to the inorganic acid, and
different orientations of the ~OH groups within the inorganic
acid. The energy differences and energy barriers between the
structures are small, since potential energy surfaces (PES)
for both monohydrated acids are very shallow in the vicinity
of the global minimum energy structure. Therefore different
isomers easily convert to other structures with small energy
barriers. The analyses of calculated harmonic vibrational
frequencies are important in structure identification during
Infrared Photodissociation Spectroscopy (IRPD) experiments.
We carried out MP2 calculations with aug-cc-pVDZ basis
set for both monohydrated acids. This allows direct com-
parison of DFT results with more accurate MP2 approach.

Computational Details

We performed geometry optimization, harmonic frequency
analysis, and computed binding energies for the most stable
conformers of monohydrated H,SO4 and H3PO,. Geometry
optimization and harmonic frequency calculations were
done at the DFT level of theory employing M06-2X,"
®B97X-D,"* B97-D," and B3LYP® functionals. Calcu-
lations were done by using the Gaussian 09 suite of pro-
grams.?! All the atoms were treated with the correlation
consistent aug-cc-pVDZ basis set (which we have denoted
as aVDZ).?2 All the reported structures are at the local or
global minima without imaginary frequencies. All the con-
formers were drawn with the Posmol package.”

To distinguish different conformers, we use the following
notation: A/Dx denotes the role of proton acceptor (A:0)/
donor(D:H) by the water molecule, while the subscript “x”
denotes the atom/group of each acid interacting with the
hydrogen atom of water molecule. The Do structure where
a hydrogen atom in water molecule interacts with the -O(H)
group in the acid is denoted as Do, in contrast to the Do
structure where a hydrogen atom in water molecule interacts
with a double-bond oxygen (O=) in the acid. The bond
distance between two oxygen atoms (one in water molecule
and the other in the inorganic acid) is denoted as roo. The
hydrogen bond (H-bond) distance between an oxygen atom
in water molecule and a hydrogen atom in the acid is
described as rom. Similarly, rxo determines the distance
between central atom X in the acid and an oxygen atom in
water molecule.

In all the cases, the central atom X (X = S, P) interacts
with the oxygen (O) atom of a water molecule (Wxo). To
distinguish different conformers exhibiting the same struc-
tural motif, we employed Arabic numerals. For all possible
conformers, we calculated binding energies (-AE.), BSSE-
corrected binding energies (-A{(BSSE)), zero-point-energy
(ZPE) corrected binding energies (-AEy), and binding enthal-
pies (-AH;) and free binding energies (-AG,) at standard
conditions (298.16 K and 1 bar). For energy comparison
between different isomers to find the most stable structures,
our discussion will be based on the DFT/aVDZ AE), values.

It is necessary to compare DFT results with more accurate
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quantum chemical approach. Thus, we carried out extensive
MP2/aVDZ calculations for both monohydrated acids. We
optimized geometries of all conformers at the MP2/aVDZ
level of theory. We also performed harmonic vibrational
frequency analysis to assure that all optimized conformers
are global/local minimum energy structures (without imagi-
nary frequencies). We computed thermodynamical properties
at standard conditions. The MP2/aVDZ results serve as a
benchmark which allows us to justify the reliability of
different DFT functionals.

The BSSE errors at the MP2/aVDZ level of theory are
significantly larger in comparison with DFT BSSE values.
The double-zeta quality basis set is far too small for corre-
lated calculations which converge very slowly with the basis
set size. Since, we carried out MP2 calculations with aug-cc-
pVTZ (aVTZ) basis set. The BSSE errors are significantly
smaller at this level of theory. We employed Kim et al.**
extrapolation procedure to compute MP2/CBS (Complete
Basis Set) binding energies for both monohydrated acids.

Discussion of Results

Table 1 contains information about binding energies,
BSSE-corrected binding energies, ZPE-corrected binding
energies, and binding enthalpies and Gibbs free binding
energies at standard conditions (289.16 K and 1 bar). All the
reported structures differ in H-orientations only, since they
are close in energy and possess similar, however, not identi-
cal geometrical parameters. Despite the slight differences in
geometry, in some cases the relative energy differences
between conformers are not negligible.

In the case of monohydrated sulfuric acid, the most stable
ADoWso(I) and ADoWso(II) structures are almost isoener-
getic (the energy difference does not exceed ~0.4 kJ/mol).
Both conformers vary in slightly different orientation of the
water molecule with respect to the position of sulfuric acid.
Although these structures have almost the same binding
energy, their geometrical parameters slightly differ. In the
case of ADoWso(I) conformer, ron and roo distances are
slightly longer while compared to ADoWso(Il) structure.
Simultaneously the rxo distance is slightly shorter. It clearly
shows that PES in this particular region is almost flat. The
third conformer ADoWso(III) is slightly less stable. In this
case, the binding energy difference is about 4 kJ/mol lower
in comparison with ADoWso(I-II) structures.

The ADoi*Wso structure is relatively less stable when
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Figure 1. DFT/aVDZ optimized structures of monohydrated
inorganic acids. The lowest energy structure for each chemical
species is denoted in bold. Dashed blue lines represent hydrogen
bonds.
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Table 1. DFT/aVDZ and MP2/aVDZ binding energies (-AE.), BSSE-corrected binding energies (-AE.(BSSE)), ZPE-corrected binding

energies (-AE), binding enthalpies (-AH;) and free binding energies
conformers of monohydrated H,SO, and HsPO4

(-AG;y) [in kJ/mol] at room temperature (298.16 K) and 1 bar for various

Method acid---water Conformer -AE.(-AE(BSSE)) -AE, -AH; -AG;
M06-2X HaSO4+--H20 ADoWso(I) 61.09(58.51) 51.90 5491 15.96
ADoWso(II) 61.19(58.72) 51.48 54.59 14.93

ADoWso(IIT) 56.47(54.01) 47.19 50.15 11.99

ADo*Wso 58.33(54.75) 47.03 50.59 8.94

H;PO4-H,O ADoWpro(]) 61.59(58.86) 51.50 54.62 15.46

ADoWpro(II) 60.68(57.78) 50.56 53.77 13.85

ADoWpro(IIT) 58.65(55.81) 48.95 51.98 12.68

ADoWpo(IV) 57.94(55.40) 48.46 51.62 12.39

ADonWpo 45.42(42.79) 35.65 38.16 -0.19

®B97X-D HaSO4+--H20 ADoWso(I) 57.27(54.83) 46.40 50.15 7.84
ADoWso(II) 57.29(54.94) 46.69 50.34 8.21

ADoWso(IIT) 52.55(50.17) 4231 45.80 5.18

ADo*Wso 50.48(46.91) 38.74 42.72 -1.15

H;PO4--H,O ADoWpro(]) 57.90(55.17) 46.90 50.49 10.89

ADoWpro(II) 56.81(53.88) 46.26 49.39 10.73

ADoWpro(III) 54.98(52.08) 44.57 47.81 8.50

ADoWpo(1V) 54.13(51.60) 43.72 47.15 8.01

ADonWpo 42.26(39.85) 32.51 35.03 -2.56

B97-D HaSO4+--H20 ADoWso(I) 51.64(49.29) 41.21 44.55 425
ADoWso(II) 51.41(49.19) 41.11 44.44 4.05

ADoWso(IIT) 46.52(44.31) 36.73 39.73 1.04

ADor*Wso 46.52(44.32) 36.71 39.72 1.00

H3PO4--H,O ADoWpo(I) 52.49(49.90) 41.70 45.11 6.04

ADoWpo(II) 51.39(48.58) 40.75 43.92 4.86

ADoWpro(III) 49.90(47.12) 39.44 42.73 3.13

ADoWpo(IV) 49.29(46.82) 39.13 42.41 3.55

ADouWro 40.12(37.67) 30.01 32.60 -4.57

B3LYP H>SO4---H,O ADoWso(I) 51.14(48.78) 40.80 44.28 3.28
ADoWso(IT) 51.29(48.99) 40.96 44.47 3.33

ADoWso(IIT) 46.73(44.42) 36.62 39.99 0.04

ADon*Wso 41.79(38.43) 30.60 34.11 -5.79

H3PO4--H,O ADoWpo(I) 51.99(49.26) 41.07 44.62 4.87

ADoWpo(1II) 50.89(47.97) 40.42 43.54 4.70

ADoWpo(III) 49.15(46.23) 38.62 42.02 1.95

ADoWro(1V) 48.27(45.69) 38.09 41.48 2.13

ADouWro 36.04(33.71) 26.54 28.94 -8.10

MP2 H>SO4---H,O ADoWso(I) 53.08(44.32) 43.52 46.23 7.96
ADoWso(IT) 53.27(44.39) 43.48 46.27 7.85

ADoWso(IIT) 48.32(39.68) 39.06 41.53 4.82

ADon*Wso 47.63(38.19) 37.10 40.08 0.39

H3PO4--H,O ADoWpo(I) 54.85(45.62) 43.97 47.49 8.13

ADoWpo(II) 54.02(44.52) 43.27 46.60 6.72

ADoWpo(III) 51.72(42.36) 41.13 44.52 427

ADoWpo(IV) 50.53(41.57) 40.39 43.76 4.58

ADouWro 40.01(31.84) 30.31 32.88 -5.20

compared to ADoWso isomers. Its structure is characterized
by three H-bonds, two of them are formed by —O(H) groups
which belong to the sulfuric acid and the oxygen atom of
water molecule. The calculated rxo distances for ADor*Wso

conformer are significantly shorter in comparison with
ADoWso motifs. It seems that B97-D functional cannot
properly describe ADor*Wso structure. In this case, the
water molecule has completely different orientation, thus the
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Table 2. MP2/aVDZ binding energies (-AE.), BSSE-corrected binding energies (-AE.(BSSE)), MP2/aVTZ binding energies (-AE.), BSSE-
corrected binding energies (-AE«(BSSE)) and MP2/CBS binding energies for various conformers of monohydrated H,SO4 and H3PO4

MP2 aVDZ aVTZ CBS
HS04++ H,0 ADoWso(l) 53.08(44.32) 54.43(49.91) 5226
ADoWso(IT) 53.27(44.39) 54.22(49.68) 51.90

ADoWso(IIl) 48.32(39.68) 49.48(44.99) 4722

ADoiWso 47.63(38.19) 47.24(42.68) 44.57

H3PO,*+ H,0 ADoWoo(l) 54.85(45.62) 55.96(51.24) 53.60
ADoWoo(IT) 54.02(44.52) 54.52(49.83) 52.06

ADoWpo(III) 51.72(42.36) 52.32(47.63) 49.85

ADoWro(IV) 50.53(41.57) 52.04(47.32) 49.73

ADoiWro 40.01(31.84) 38.37(34.13) 35.09

corresponding binding energies and geometrical parameters
are very close to the ADoWgo(I1I) conformer. It is important
to note that the order in terms of binding energies for
ADoWso(I) and ADoWso(Il) isomers is not always preserv-
ed at different DFT levels. We suppose that additional
stabilization of these complexes is caused by dispersion
interactions. However, the rxo distances are similar for DFT
functionals with and without empirical dispersion. We found
one additional structure, which is characterized by Do motif.
This structure is ~30 kJ/mol less stable than ADoWso
conformers, thus this complex is not discussed.

In the case of monohydrated phosphoric acid, we could
identify five conformers which differ in H-orientations only.
Contrary to the sulfuric acid, the two most stable conformers
are slightly different in binding energy (the difference is
about ~1 kJ/mol), however, their structures are very similar
to ADoWso(I) and ADoWso(Il) conformers. The order of
conformers in terms of binding energies is conserved at
different DFT levels. The ADoWso(I) conformer has slight-
ly longer ron and roo distances. Two other conformers which
are characterized by ADoWpo motif are slightly less stable.
The ADonWpro conformer is significantly less stable while
compared to ADoWpo motifs. The geometry of ADonWpo
structure is substantially different. The rxo distances as well
as ron distances are significantly longer in comparison with
ADoWpo structures. Similarly to the monohydrated sulfuric
acid, PES in the vicinity of the global minimum for mono-
hydrated phosphoric acid is very flat, however, the relative
binding energy differences are slightly larger. It is important
to note that absolute values of binding energies are different
for various DFT functionals. It is well known that B3LYP
approach usually underestimates binding energy values.
B97-D binding energies are similar to B3LYP values. M06-
2X as well as ®B97X-D binding energies are significantly
larger in comparison with B3LYP and M06-2X functionals.

We calculated harmonic vibrational frequencies for both
monohydrated acids. We are interested in stretching fre-
quencies of —OH vibrations.

The IR spectrum is characterized by one very intense peak
which originates from the —OH vibration of the inorganic
acid. The other peaks are coupled vibrations of acidic -OH
groups and —OH stretching modes of water molecule. It is
important to note that ADoWxo (X = S, P) “OH stretching

vibrational frequencies are similar, since structure identi-
fication of these isomers during IRPD experiments appears
to be very difficult. It should be feasible to distinguish
ADoWxo (X = S, P) forms from significantly less stable
ADoi*Wso and ADoyWpo structures. We intentionally left
harmonic vibrational frequencies unscaled. It enables the
direct comparison of harmonic vibrational frequencies cal-
culated at different DFT levels of theory. Table 4 clearly
shows that B97-D frequencies are significantly smaller than
those given by the other DFT functionals.

Potential energy surfaces for monohydrated H>SO4, and
H;PO, are relatively broad and flat. It is a well known fact
that the harmonic approximation usually fails while PES is
relatively broad and flat. Thus, we carried out computations
of anharmonic frequencies at the B3LYP/aVDZ level of
theory (Table 5). The largest deviations between anharmonic
and harmonic frequencies are observed for very intense
vibrations which originate from the —OH stretching mode of
the inorganic acid. However, several harmonic —OH vibrational
frequencies exhibit large deviations from their anharmonic
equivalents.

The comparison of DFT approach with MP2 exhibits that
DFT binding energies and geometrical parameters are close
to MP2 results. The analysis of ZPE-corrected binding
energies (-AEg) shows that B97D/aVDZ results are very
close to MP2/aVDZ values (the largest difference does not
exceed ~3 kJ/mol). In the case of ®B97X-D functional,
binding energy differences are insignificantly larger as com-
pared with B97D (by ~1 kJ/mol). The B3LYP functional
slightly underestimates binding energies. The binding ener-
gies at the M06-2X/aVDZ level of theory are slightly
overestimated. It seems that in terms of binding energies the
performance of DFT functionals with empirical dispersion
(B97D and ©B97X-D) is slightly better than that of M06-2X
and B3LYP. We checked out calculated geometrical para-
meters of monohydrated acids. When we compare MP2 and
DFT computed bond lengths (rxo, roo, and romn), the best
agreement can be observed for the ®B97X-D functional (the
largest deviation never exceeds 0.07 A). Although B97D
functional gives accurate values of binding energies, it tends
to overestimate the hydrogen bond lengths (the largest
deviation is 0.17 A). The distances given by M06-2X
functional are close to MP2 results (the largest bond length
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Table 3. Selected interatomic distances [A] for monohydrated
H>SO4 and H3POs. rxo denotes the X(acid)---OH, distance; rog
denotes either H(acid) --OH, or O(acid)--*-HOH distance; roo
denotes the =O(acid)---OH, distance

Method Conformer rxo roo ron
M06-2X H,SO4--H:O ADoWso(I)  3.25 2.83 2.12
ADoWso(Il)  3.27 2.81 2.10

ADoWso(1ll)  3.30 2.78 2.08

ADoi*Wso  3.00 273 212

H3P04 . 'HzO AD()WPO(I) 3.21 2.77 1 .92
ADoWpo(Il) 320 276 192

ADoWpo(Ill) 320 278  1.93

ADoWpo(IV) 3.19 278 195

ADonWpo 3.26 4.72 223

®BI7X-D H,SOs-H,0 ADoWso(I) 330 288  2.18
ADoWso(I) 330 287 216

ADoWso(II) 333 281 211

ADoi’Wso  3.03 276 215

H3P04 . 'HzO AD()WPO(I) 3.23 2.78 1.93
ADoWpo(Il) 323 278 191

ADoWpo(Ill) 322 278 193

ADoWpo(IV) 321 280 195

ADonWpo 3.37 480 2.28

B97-D H,SO4-H,O ADoWso(I) 337  3.01 233
ADoWso(II) 338  3.00 232

ADoWso(Ill) 341 294 227

ADoi’Wso 341 294 228

H;PO4"HO ADoWpo(I) 228  2.85  2.00
ADoWpo(Il) 328 284 198

ADoWpo(Ill) 328 286  2.02

ADoWpo(IV) 327 288  2.04

ADouWpo 340 487 240

B3LYP H,SO,H,O ADoWso(I) 333 288 217
ADoWso(Il) 333 287 216

ADoWso(Il) 335 283 213

ADoi’Wso  3.07 279 220

HiPO,'H,0 ADoWro(I) 324 279 193
ADoWro(Il) 324 277 192

ADoWpo(Ill) 323 279 1.94

ADoWpo(IV) 321 280  1.95

ADouWeo 344 485 280

MP2  H»SO4--H,O ADoWso(I)  3.30 2.87 2.16
ADoWso(II)  3.30 2.88 2.17

ADoWso(Ill)  3.26 2.82 2.13

ADoi*Wso  3.04 277 218

H3P04 . 'HzO AD()WPO(I) 3.23 2.79 1.94
ADoWpo(Il) 323 278 193

ADoWpo(Ill) 322 280  1.95

ADoWpo(IV) 321 281 197

ADonWpo 3.36 4.82 225

acid---water

difference never exceeds 0.1 A). Our analysis clearly shows
that the ®B97X-D functional gives the best results (very
close to MP2 values) among analyzed various DFT func-
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Figure 2. B3LYP/aVDZ harmonic (solid line) and anharmonic

vibrational frequencies (dashed line) of monohydrated inorganic
acids.

tionals. However, it is noteworthy that other DFT func-
tionals give results which are close to MP2 values.

The BSSE errors given by MP2/aVDZ calculations are
significantly larger when compared with DFT BSSE values.
It is due to the basis set incompleteness for correlated calcu-
lations. Thus, we carried out MP2 computations with aVTZ
basis set. The substantial improvement of the basis set
significantly reduces the BSSE errors (by ~50%). By using
Kim’s extrapolate scheme, we computed MP2/CBS binding
energies for both monohydrated acids. It is important to note
that the energetic order of conformers is conserved at the
MP2/CBS level of theory. Moreover, MP2/CBS values are
very close to the BSSE-corrected MP2/aVDZ binding ener-
gies. The largest deviation between BSSE-corrected MP2/
aVDZ binding energies and MP2/CBS values does not
exceed ~5 kJ/mol (ADorWpro structure). However, for many
other conformers the differences are significantly smaller.

Concluding Remarks

We carried out DFT calculations for monohydrated sul-
furic and phosphoric acids. These systems are difficult to
study because PES in the vicinity of the global minimum
energy structure is relatively flat. In the case of monohydrated
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Table 4. DFT/aVDZ and MP2/aVDZ harmonic vibrational frequencies v of -OH stretching modes [cm™]. The subscripts denote IR

intensities [10 kJ/mol]

Method acid---water Conformer
M06-2X H>SO4:-H2O ADoWso(I) 3108135 377111 380014 393114
ADoWso(II) 3118143377111 382714 393414
ADoWso(I1I) 3120141 376611 381913 39345
ADoi*Wso 36661 369050 37930 394514
H;PO4---H,O ADoWpo(l) 3359384 36444, 386916 387211 39361,
ADoWpo(Il) 338876 364441 387324 38754 394112
ADoWpo(111) 33693 364849 386014 3872123951,
ADoWpo(1V) 332194 365537 386317 38679 39371,
ADonWpo 348775 38185 385815 386413 393512
®BI7X-D H>SO4:-H,O ADoWso(I) 3241120 37999 383412 3949:»
ADoWso(II) 324112237919 383213 394613
ADoWso(I1I) 3255118 378910 383712 394813
ADoi*Wso 36801 370346 379810 396213
H;PO4---H,O ADoWrpo(l) 341580 366043 389115 38939 39489
ADoWpo(Il) 342969 365246 389724 38981 395119
ADoWpo(111) 341373 365143 388712 38949 395110
ADoWpo(1V) 338833 366339 388614 38909 39489
ADonWro 347783 38305 388815 389119 39511
B97-D H>SO4:-H,O ADoWso(I) 3023122 36598 36614 37929
ADoWso(II) 3023125 36575 36608 379110
ADoWso(I1I) 3054122 36555 36673 37941,
ADoi*Wso 3056122 36565 36675 37941
H3PO4---H,O ADoWpo(l) 3157388 350236 37219 37265 37825
ADoWpo(Il) 317975 349233 37337 373412 37843
ADoWpo(111) 316783 350734 37177 37257 37845
ADoWpo(1V) 313995 351931 37127 37245 37285
ADonWpo 32249, 36783 37219 37237 37949
B3LYP H>SO4:-H,O ADoWso(I) 3122125 37159 374511 386612
ADoWso(IT) 3121127 37139 374411 386512
ADoWso(I1I) 3142123 370910 374910 386513
ADoi*Wso 360111 362544 37295 38791
H3;PO4---H,O ADoWpo(l) 329479 356345 380412 380819 38639
ADoWpo(Il) 331771 355747 381415 38169 38669
ADoWpo(111) 330376 356444 3802, 38089 38669
ADoWpo(1V) 327186 357240 379711 380610 38639
ADonWpo 336894 37505 380212 380610 387311
MP2 H>SO4:-H,O ADoWso(I) 317411737236 373212 388714
ADoWso(II) 3174114 37243 373111 388613
ADoWso(I1T) 3208111 37267374111 389014
ADoi*Wso 3602/ 362545 37346 389913
H;PO4---H,O ADoWrpo(l) 333176 360137 380212 380641 3882y,
ADoWpo(Il) 335867 359539 380911 381214 38851,
ADoWpo(111) 333973 360036 380511 380911 38851
ADoWpo(1V) 331283361133 379713 380110 38821,
ADonWpo 340383 37525 37941, 380311 38941>

sulfuric acid we identified four different conformers, the
monohydrated phosphoric acid forms five different mole-
cular complexes. All these structures are compact and close
in energy, which means that they are located near the global

minimum energy conformer. They differ in H-orientations
only. We performed DFT calculations using four different
DFT functionals. It seems that DFT approach is an approp-
riate tool to study such specific molecular systems. At the
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Table 5. B3LYP/aVDZ harmonic and anharmonic vibrational frequencies of -OH stretching modes [em™']. The subscripts denote IR

intensities [10 kJ/mol]

acid---water Conformer Vanharm
H,SO4:--H2O ADoWso(l) 3122125 37159 374511 386612 2889125 35239 356711 367512
ADoWso(II) 312112737139 37441 38651> 2880127 35349 355511 367812
ADoWso(IIT) 3142123 370910 374910 386513 2895123 352310 356610 367213
ADoi*Wso 36011 362544 37295 387912 34081 342944 35305 367912
H3;PO4---H,O ADoWpro(]) 329479 356345 380412 38089 38639 304979 334345 361312 362510 36749
ADoWpo(ID) 331771 355747 38145 38169 38669 30917 335647 363515 36499 36879
ADoWpo(III) 330376 356444 3802, 38089 38669 303376 336244 361511 36219 36789
ADoWpo(IV) 327186 357240 379711 380610 38639 314736 35805 363411 362710 36929
ADonWpo 336894 37505 380212 380610 38731 305594 33545362112 362410 36811,

B97-D level, we were not able to find ADor>Wso structure.
We computed harmonic vibrational frequencies for all
possible structures. The analysis of —OH vibrational modes
shows that the identification of those clusters during IRPD
experiments appear to be very difficult. The comparision of
various DFT functionals with MP2 approach clearly shows
that the ®97X-D functional gives values (binding energies
as well as geometrical parameters) which are very close to
MP2 results. However, other DFT functionals give only
slightly worse results.
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