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Adsorption of the phosphate groups on a silica surface is investigated by ab initio calculations of hydrogen-
bond complexes of dihydrogen and dimethyl phosphate anions with orthosilicic acid. It is found that the
phosphate groups can form strong hydrogen-bonded complexes with the silanols of the silica surface with
stabilization energies of ca.-14 kcal/mol per hydrogen bond. The effect of the coordination of the phosphate
species by water, orthosilicic acid, and a sodium cation on the geometry and stability of the-sc/-scconformation
is investigated through consideration of 2-fold axial symmetry complexes. Calculations suggest the reduction
of the COPO torsion angle of the-sc/-scconformation of the phosphodiester backbones upon adsorption of
molecules containing these moieties on silica compared to the value of this angle found for phosphates in
vacuo and in hydrated forms. Both the polarizing and electron density abstracting abilities of silanols cause
electron density redistribution, giving rise to strengthening of the phosphoester P-O bonding, weakening of
the phosphinyl PdO and ester C-O bonding in adsorbed phosphate moieties. A very strong band at 3300
cm-1 appearing during the phosphate adsorption on the silanol hydroxyls is suggested for use as an indication
of this phenomenon.

1. Introduction

Silicon dioxide, in pure form or in combination with other
metal oxides (silicates), is the most abundant substance on earth,
and for that reason it is destined to influence most processes
taking place on our planet to some extent, including organic
reactions occurring in living systems (some aluminosilicates are
even considered by one of the popular hypotheses concerning
the origins of life on earth as a substrate for and/or integral
part of probiotic life forms1). Interaction of silica with organic
matter is well-known: substituted silicates were found to form
complexes with nucleosides through proton transfer,2 to catalyze
polymerization reactions, and to synthesize organic molecules
from inorganic matter, thereby promoting the synthesis of amino
acids as well as purines, pyrimidines, and carbohydrates. In
addition, silicates were shown to catalyze the polymerization
of amino acids into polypeptides.3 Such activity of silica is
believed to be connected with the available hydrogens and
hydroxyls of the Si-OH surface groups and with the adsorption
properties of silica surfaces and their polarization capabilities.

Silica particles entering living organisms become actively
involved in biological processes. It seems that this compound
exerts the most prominent effect on living cells in connection
with its binding to the phosphate groups. Phosphate, a substituted
derivative of orthophosphoric acid, H3PO4, and its deprotonated
forms are some of the most important chemical entities present
in living systems. Attention to the issue of phosphates binding
to a silica surface has been intensified in connection with the
discovered carcinogenic properties of a crystalline polymorph
of silica, quartz, in vivo.4 Another factor that boosted interest
in this issue is the development of new methods for nucleic
acid purification and separation based on the adhesion of nucleic
acids to silica related to silica-phosphate interactions.5 The

latest achievements in nanoscale Si-based electronic technology
open promising new avenues in the area of nucleic acid
manipulation based on silica-phosphate interactions.

As shown, intermolecular hydrogen-bond formation in the
DNA-silica contact layer is one of the major driving forces
for DNA adsorption on silica surfaces.6 IR studies indicate that
hydrogen-bonded complexes between the phosphate groups of
a DNA backbone and the silanols of a quartz surface prevail in
interactions between DNA and quartz in vitro.7 Once bonded,
DNA can be damaged through a number of mechanisms that
presumably involve the polarization abilities of the negatively
charged silica surface and the hydrogen-bond formation and
generation of hydroxyl radicals on the surface.7 Such a strong
interaction of the silica surface with the phosphate groups is
used by living organisms for silica isolation once it gets inside
the body: induced production of phospholipids in the lungs that
coat silica particles is believed to be a protective reaction.8

Another example of a silica-phosphate interaction in living
systems can be found in the processes of bone growth.9,10 It
was shown both in vivo and in vitro that silica can act as a
mineralizing agent for apatite11,12 although the microscopic
nature of this process remains unclear. It is believed that the
crystallization of calcium phosphate is induced by the ac-
cumulation of calcium and phosphate ions on the silica surface.
The calcium cations get attracted to the negatively charged silica
surface, and the phosphate anions form hydrogen bonds with
the silanol hydroxyls.

Despite the utmost importance of phosphate adsorption on
the silica surface, to the best of our knowledge there are not
any theoretical calculations concerning this phenomenon. The
purpose of this research is to characterize silica-phosphate
complexes, the strength of binding, the geometry and charge
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distribution changes, and the IR spectra alterations accompany-
ing adsorption in vacuo and in aqueous solutions which will be
helpful in identifying such changes in real systems. This study
does complement our earlier investigations of model phosphorus
systems13 and the recent predictions on interactions of DNA
bases.14

2. Calculations

The first principle density functional (DFT) theory calcula-
tions using the GAUSSIAN-92 package of programs15 were
carried out on orthosilicic acid, Si(OH)4 (1), the dihydrogen
phosphate (DHP) anion, H2PO4

- (2), the dimethyl phosphate
(DMP) anion, (CH3O)2PO2

- (3) (Figure 1), and hydrogen-bond
complexes between1 and2 to yield complex4 (Figure 2) and
between1 and3 to yield complex5 (Figure 3). Additionally,
doubly hydrogen-bonded monohydrated complexes of Si(OH)4

(6), H2PO4
- (7), and (CH3O)2PO2

- (8.1) (Figure 4) and the
dihydrated complexes of (CH3O)2PO2

- (8.2 and 8.3) (Figure
5) were considered in order to evaluate the changes in the
geometries, charge distributions, and IR spectra associated with
phosphate adsorption on silica in the presence of water. Also,
complexes of DHP and DMP with a sodium cation, symmetric
9 and10.1and asymmetric10.2 (Figure 6), were investigated

to compare the results with experimental data on crystalline salts.
Initially all isolated clusters were optimized at the HF level using
the 3-21+G(d) split-valence basis set with d-type polarization
functions and diffuse functions added to the basis set of Si and
P16 with geometries reported for the global minima, viz. for1
S4 symmetry,17,18 for 2 and3 C2 symmetry.19,20The minimum-
energy clusters were further reoptimized using the B3LYP
Becke three-parameter correction to exchange, combined with
the Lee-Yang-Parr correction to the local correlation poten-
tial.21 The B3LYP calculations were performed in conjunction
with the 6-31+G(d,p) split-valence basis set with added
polarization p-functions for H and d-functions for Si, P, O, and
C. Additional diffuse functions were added to the basis set for
the heavy atoms. It was shown elsewhere22,23 that both the
geometries and IR spectra of hydrogen-bonded complexes
obtained in the DFT and MP2 calculations with this basis set
are similar and within 1%, except for the very sensitive C(H)-
OPO torsion and C-O-P phosphoester angles which can differ
by as much as 5%. The calculations were performed with the
Int)FineGrid option. Optimized geometries were confirmed as
minimum-energy structures without imaginary frequencies. In
the present study, the phosphate clusters, both isolated and

Figure 1. Isolated clusters: Si(OH)4 (1), H2PO4
- (2), and (CH3O)2PO2

- (3).

Figure 2. Hydrogen-bond complexes Si(OH)4-H2PO4
- (4).

Figure 3. Hydrogen-bond complexes Si(OH)4-(CH3O)2PO2
- (5).

Adsorption of Phosphate Groups J. Phys. Chem. A, Vol. 103, No. 9, 19991229



hydrogen bonded, were considered with the-sc/-sc (in the
description of torsion angles the IUPAC-IUB approved no-
menclature withs standing forsyn, a for anti, c for clinal, and
p for periplanar is used)24 torsion angles (or the marginal-ac/

-ac torsion angles describing the minimum-energy isomer of
the dihydrogen phosphate anion) mimicking the fragments of a
phosphate-sugar backbone of a right-handed nucleic acid helix.
The effects of complexation on the relative energies of the
phosphodiester backbone conformations were estimated by
comparing the compact-sc/-scconformations with the half-
extended-sc/apconformations (also fully optimized). The basis-
set superposition error (BSSE) was estimated by the counter-
poise method.25 The atomic charges were estimated using the
Mulliken charge partitioning scheme.26

3. Silica and Phosphate Species in Vacuo, in Complex
with Sodium Cation, and in Monohydrated Forms

In neutral or slightly basic solutions the silanol groups of
the silica surface are partly deprotonated due to the weak acidity
of these groups with a reported average pKa ranging from 6.8
to 7.1.27,28 As a result, the silica surface in aqueous solutions
bears a negative charge which repels the anionic phosphate
groups. It is not surprising that the presence of cations in
solution, which are attracted by the negatively charged silica
surface and phosphate groups, thereby neutralizing the negative
charge, enhances the formation of silica-phosphate complexes.
For example, adsorption of DNA on the silica surface was
shown to be promoted by the presence of strong electrolytes
(such as sodium salts) and was connected to the dehydration of
DNA and silica surfaces and to the shielding effect of ions.6

The higher acidity of the protonated forms of phosphates (e.g.,
pKa1(H3PO4) ) 2.12)29 than that of silanols suggests that the

Figure 4. Monohydrated clusters: Si(OH)4-H2O (6), H2PO4
- -H2O

(7), and (CH3O)2PO2
- -H2O (8.1).

Figure 5. Dihydrated clusters: symmetric (CH3O)2PO2
--2H2O (8.2)

and asymmetric cyclic (8.3).

Figure 6. Phosphate complexes with sodium cation: symmetric
H2PO4

- Na+(9)and(CH3O)2PO2
-Na+(10.1)andasymmetric(CH3O)2PO2

-

Na+ (10.2).
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phosphate moieties, deprotonated in near-neutral solutions, act
as hydrogen acceptors during the formation of hydrogen-bonded
complexes with the silanols of the silica surface while the
silanols contribute hydrogens to the hydrogen bonds. The
smallest molecular unit mimicking the silanol groups of the silica
surface and the [SiO4] tetrahedron (the structural unit of silica
frameworks) is orthosilicic acid, Si(OH)4. In addition, this acid
and its deprotonated forms are abundant in natural aqueous
solutions30 and present in trace amounts in biological fluids.
These considerations and the modest size of this molecule are
accountable for an extensive list of theoretical calculations

performed on orthosilicic acid,1, at different levels of
theory.17,31,32As well, the adsorption of water and other small
organic and inorganic molecules on the silica surface was studied
mainly using orthosilicic acid, Si(OH)4, to model the surface
silanol groups.33,34 This approach is employed in the present
study to model the adsorption of phosphates. Figure 1 depicts
the minimum-energy configuration of orthosilicic acid, and
Table 1 lists the optimized geometries and charges of orthosilicic
acid. The energies of the stable isomers are listed in Table 2.

Phosphoric acid and its substituted derivatives, such as the
phosphate esters and diesters of nucleic acids and phospholipids,

TABLE 1: Geometries and Net Atomic Charges of Orthosilicic Acid and Dihydrogen Phosphate (DHP) and Dimethyl
Phosphate Anions Optimized at the B3LYP/6-31+G(d,p) Level

orthosilicic acida

parameter Si(OH)4 Si(OH)4-H2O Si(OH)4-H2PO4
-

Bonds (Å)
Si-O 1.650 1.657 1.671
Si-O(H-b) 1.649 1.640
O-H 0.964 0.964 0.964
O-H(H-b) 0.968 0.995
H‚‚‚O 2.077 1.697

Angles (deg)
O-Si-O1 106.2 109.4 102.9
O-Si-O2(or H-b) 116.2 111.8 114.3
Si-O-H 117.1 116.4 111.0
Si-O-H(H-b) 115.7 120.2
O-H‚‚‚O 150.2 175.6

Charges (au)
Si 2.058 2.028 2.119
O -0.888 -0.849 -0.934
O(H-b) -0.928 -1.001
H 0.373 0.362 0.353
H(H-b) 0.412 0.471
Si(OH)4 0 -0.020 -0.102

Electron Overlap Populations
Si-O 0.089 0.060 -0.115
Si-O(H-b) 0.079 0.167
H-O 0.245 0.252 0.232
H-O(H-b) 0.237 0.223
H‚‚‚O -0.006 0.028

dihydrogen phosphate and dimethyl phosphateb

in vacuo H2O Si(OH)4 Na+

parameter DHP DMP DHP DMP DHP DMP DHP DMP
exp48 Ba2+

DMP

Bonds (Å)
P-O 1.682 1.683 1.668 1.669 1.655 1.656 1.636 1.631 1.61
PdO 1.507 1.504 1.512 1.508 1.514 1.511 1.521 1.523 1.52
C/H-O 0.967 1.419 0.967 1.422 0.967 1.426 0.968 1.436 1.46
H/Na+‚‚‚O 2.102 2.103 1.697 1.694 2.240 2.233

Angles (deg)
O-P-O 100.9 99.5 101.3 100.3 101.9 101.4 103.6 103.6 103.5
O-PdO1 106.4 105.6 106.8 106.2 106.8 106.4 107.9 107.9
O-PdO2 107.1 108.8 108.4 109.5 108.8 109.4 111.3 111.7
OdPdO 126.0 125.5 123.1 122.9 122.0 122.0 114.3 113.7 121.6
C-O-P 105.7 117.3 106.3 117.5 107.2 117.9 110.9 118.7 117.0
C/HOPO -94.2 -73.7 -100.6 -73.9 -103.1 -73.5 -73.6 -69.0 -69.9
O-H‚‚‚O 146.3 146.2 175.6 175.8

Charges (au)
P 1.696 1.979 1.737 1.998 1.843 2.094 1.816 2.106
O(dP) -0.898 -0.910 -0.944 -0.956 -0.968 -0.985 -0.936 -0.976
O(-P) -0.791 -0.668 -0.764 -0.644 -0.761 -0.642 -0.738 -0.640
C/H 0.341 -0.285 0.348 -0.283 0.358 -0.276 0.369 -0.283
DHP/DMP -1 -1 -0.984 -0.988 -0.898 -0.895 -0.796 -0.783

Electron Overlap Populations
PdO 0.385 0.398 0.380 0.387 0.348 0.345 0.270 0.248
P-O -0.037 -0.040 -0.029 -0.026 0.007 0.037 0.032 0.043
C-O 0.208 0.028 0.212 0.034 0.217 0.018 0.219 0.041
H/Na+‚‚‚O 0.013 0.016 0.028 0.033 0.075 0.087

a Isolated, in doubly hydrogen-bond complexes with a water molecule and the DHP anion.b In vacuo, in doubly hydrogen-bond complexes with
a water molecule and orthosilicic acid.
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are strong acids. This is why, in near-neutral solutions of living
cells, these phosphate groups are deprotonated and why most
theoretical studies are concerned with phosphate anions35,36(in
modeling of crystalline salts the fully protonated phosphate
cation, P(OH)4+, is often considered to mimic the [PO4]
tetrahedra37). The dimethyl-substituted derivative of the dihy-
drogen phosphate anion, which mimics the functional group of
the nucleic acid backbone and the anionic head of the phos-
pholipids, was thoroughly investigated.38 Isomers of 2-fold axial
symmetry with torsion angles in thesc/scsector which coincide
with the torsion angles found in the phosphate diesters of the
nucleic acid helix were shown to be global minima for both
the DHP and DMP anions (see Figure 1). The anomeric effect
(negative hyperconjugation)39 is believed to be responsible for
stabilization of phosphate moieties in this compact conformation.

The results of the geometry optimization of the DHP and
DMP anions at the B3LYP/6-31+(d,p) level are in a good
agreement with previous theoretical studies40 and compare
favorably with the experimental crystallographic data on dihy-
drogen and dimethyl phosphate salts.41-43 Some deviation in
the geometries, viz. shorter bonds and smaller phosphinyl and
larger phosphodiester angles observed in the crystalline salts
(there is no experimental data of the geometries of investigated
clusters in vacuo or in solutions), can be related to the effect of
the crystal field, the presence of water molecules in the
crystalline salts, and a general trend of calculations accounting
for electron correlation to overestimate bond lengths.44

To investigate the effects of the complexation of phosphate
anions by a countercation, we performed calculations on the
DHP and DMP complexes with a sodium cation (complexes9
and10, respectively, see Figure 6). While experimental studies
of the phosphate salts suggest a preference of sodium cations
to occupy a nonplanar position around the anionic oxygens,45

theoretical calculations place the sodium cation on the line
bisecting the phosphinyl triangle46 (this configuration was shown
to be competitive also in water solutions35). The changes in the
geometries of the phosphate groups occurring during coordina-
tion by the sodium cation are in accordance with recently
reported calculations.47 As expected, our calculations (see Table
1) on the symmetric DHP and DMP complexes with a sodium

cation (complexes9 and10.1, respectively) indicate significant
improvement in the reproduction of the phosphate geometry
experimentally observed in crystalline barium diethyl phos-
phate48 compared to the anion in vacuo: the P-O bond (in this
report double bonds are used to show phosphinyl oxygens and
single bonds to show ester or hydroxyl oxygens) becomes
shorter compared to the isolated DMP and approaches the
experimental finding; the PdO and the C-O bonds lengthen,
the O-P-O and the C-O-P angles increase, and the COPO
torsion angle decreases. The only parameter that deviates further
from the crystallographic value upon complexation by the
sodium cation is the OdPdO angle, decreasing below the
experimental value. One explanation for this discrepancy can
be the preferential location of a sodium cation in a nonsym-
metrical position outside the phosphinyl plane in crystalline salts
(stabilization of countercations in these positions can be related
to the coordination of both the cation and the anion by water
molecules incorporated into the crystalline structure). In fact,
our calculations of the asymmetric complex (10.2) with a sodium
cation occupying a nonplanar position between the anionic and
ester oxygens (the angle between the Na+‚‚‚O-P and the
(Na+)O-PdO planes is 12°, see Figure 6) suggest that the
phosphinyl angle decreases to 124.9° and approaches the value
observed in the experiment. At the same time, the C-O, P-O,
and PdO bonds of one-half of the phosphate group solvated
by a sodium cation elongate and vice versa. These bond length
alterations can be related to a redistribution of electron density
and pertinent changes in the character of bonding, namely,
enhanced negative hyperconjugation lengthens the ester P-O
bonds and widen the O-P-O diester angles, and electrostatic
effects leading to the contraction of radii of less electronegative
atoms have an opposing effect on the bond lengths. This isomer
(10.2) is a local minimum, having 6.3 kcal/mol higher total
energy than the symmetric complex (10.1). The calculated
geometry of the sodium complex with DHP correlates well with
the low-temperature data for the crystalline KH2PO4 salt.49

Coordination of the phosphate groups by a sodium cation
results in the condensation of the mobileπ-electron density of
the phosphinyl bonding on the anionic oxygens, thereby
reducing the partial double-bond character and increasing the
negative charges on the anionic oxygens and the positive charge
on phosphorus. In turn, these changes can enhance back-
donation of p-electron density of the ester oxygens to the
phosphorus atom. Increased repulsion betweenπ-electron densi-
ties around the phosphoester bonding, as well as the reduction
of the anomeric effect, can be responsible for further deviation
of the C(H)OPO torsion angles from the optimum angle.
Similarly, both back-donation and the less-effective anomeric
effect can result in strengthening of the P-O bonds, which is
indicated by an increase in the electron overlap densities and
the shortening of these bonds. Further studies are necessary to
separate contributions of these effects to the changes in the
geometries of the DHP and DMP anions. Despite the drastic
reduction of negative hyperconjugation, earlier calculations47

suggest stabilization of the-sc/-scconformation upon complex-
ation by a sodium cation, viz. the partially extended-sc/ap
conformation in the coordinated form is less stable by 1.3 kcal/
mol while in vacuo this conformation is only 1.0 kcal/mol higher
in energy (at the MP2/6-31G(d) level). It is possible that a
reduction of the overall negative charge on the phosphate anion
through its transfer to the sodium cation diminishes the energetic
advantages of distributing this charge over the extended
structures with the backbone torsion angles in theap sector.
Indeed, calculations performed in this study indicate a charge

TABLE 2: Total, Zero-Point (ZPE) and Stabilization
Energies (SE, ZPE correction not included) of the Optimized
Silica-Phosphate Clusters at the B3LYP/6-31+G(d,p) Levela

species no. E (hartrees)
ZPE

(kcal/mol)
SE

(kcal/mol)

Si(OH)4 1, S4 -593.01941 36.1(0)
H2PO4

- 2, C2 -643.64446 23.1(0)
(CH3O)2PO2

- 3, C2 -722.24496 58.4(0)
Si(OH)4-H2PO4

- 4.1, C2 -1236.71212 60.7(0) -30(29)
4.2, C1 -1236.71260 61.5(0) -31(28)
4.3, C1 -1236.70722 -27(25)

Si(OH)4-(CH3O)2PO2
- 5.1, C2 -1315.31284 96.6(0) -30(29)

5.2, C1 -1315.31366 -31(28)
5.3, C1 -1315.30587 -26(24)

Si(OH)4-H2O 6.1, C2 -669.45992 51.3(1) -4(3)
H2PO4

- -H2O 7.1, C2 -720.10433 38.7(0) -16(15)
(CH3O)2PO2

- -H2O 8.1, C2 -798.70478 74.3(0) -16(15)
(CH3O)2PO2

--2H2O 8.2, C2 -875.10133b 90.5(0) -35(25)b

8.3, C1 -875.16283 90.1(0)
Na+-H2PO4

- 9, C2 -805.94223 24.2(0)
Na+-(CH3O)2PO2

- 10.1, C2 -884.54524 60.0(0)
10.2, C1

c -884.53517 59.9(0)
H2O -76.43405 13.4(0)

a Number of imaginary frequencies are given in parentheses follow-
ing ZPE’s. BSSE-corrected values are given in parentheses following
SE’s of hydrogen-bond complexes.b At the B3LYP/6-31G(d,p) level.
c Asymmetric Na+ position.
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transfer between the ions in the sodium-phosphate pair, reducing
the unitary charge partitioning to 0.8 au (according to the
Mulliken partitioning scheme). It is also possible that the back-
donation can contribute to the stabilization of the NaDMP
phosphodiester backbone in the compact conformation. The
overall effect of the complexation of DMP by a sodium cation,
as found in this study, results in a relative destabilization of
the -sc/-scconformation with respect to the one: the energy
difference is reduced from 1.1 kcal/mol for DMP in vacuo
(torsion angles of the-sc/apconformation are-71.4°/164.8°)
to 0.5 kcal/mol for its complex with Na+ (torsion angles are
-64.3°/173.6°).

The harmonic vibrational frequencies and intensities of the
isolated molecules (orthosilicic acid, the DHP and DMP anions)
obtained in this study correlate well with those reported
previously in numerous studies.17,31,40,50,51A number of main
IR-active bands are listed in Table 3. The assignment of the
characteristic bands is given according to the major contributor
to the potential energy of vibration. No experimental spectro-
scopic data have been reported for either DHP or DMP anions
in vacuo, and therefore, a comparison can only be made with
either the solid-state or solution spectra. Notably, ab initio
calculations predict lower band frequencies due to the P-O
stretching modes and higher frequencies of the C-O stretching
bands, especially for the PdO asymmetric vibration, which is
related to the crystal-field effect and its effect on the bond
lengths.20 We investigated the effect of complexation of the
phosphate anions by a sodium cation on the IR spectra of
phosphates. Indeed, the calculated frequencies of the charac-
teristic bands match the experimental values much better (see
Table 3). Further improvement can be achieved by scaling.52

The only exception is underestimation of theasPdO frequency
in the calculations. This stretching mode is extremely sensitive
to the local environment; thus, the discrepancies can be related
to the differences between that in vacuo and in a crystal, e.g.,
the crystal-field effect and the preferential location of sodium
cations in asymmetric positions between the phosphinyl and the
ester oxygens in crystalline salts. Asymmetric coordination of
the phosphate groups by the sodium cation leads to asymmetric
alterations of bond lengths (vide supra) and, consequently, to a
partial decoupling of the stretching vibrations of the affected
bonds. In fact, our calculations of DMP coordinated by a sodium
cation occupying a nonplanar position between the anionic and
ester oxygens (10.2)indicate a blue shift of the band dominated
by vibrations of the phosphinyl bonding which is not solvated
by the sodium cation with respect to theasPdO band of both
the DMP anion in vacuo and its symmetric Na+ complex (see
Table 3). In contrast, the band due to the phosphoester bonding
of the unsolvated half of the phosphate moiety is characterized
by a frequency lower than theasP-O stretch of DMP in the
symmetric sodium complex. At the same time, the bands

dominated by vibrations of the phosphinyl PdO bond and the
phosphoester P-O bond that are solvated by the sodium cation
undergo a red shift relative to the symmetric stretching of the
corresponding bonds in both environments. The C-O stretching
vibrations reverse the order of their intensities, i.e., the asym-
metric stretch is less intense than the symmetric one. The band
due to the C-O bond of the solvated half of the phosphate group
is characterized by a frequency of theasC-O stretch of DMP
in the symmetric sodium complex, while the mode of the other
C-O bond corresponds to a higher frequency than the frequency
of the ssC-O stretch (see Table 3).

Formation of the symmetric complex with the sodium cation
does not significantly affect the frequency of thessPdO
stretching mode: it remains in a lower frequency range. Due
to the red shift of the C-O vibrational frequencies, this band
now lies in a higher frequency range, in accordance with
experiment.53 In all of the other complexes, calculations yield
a reverse order in line with high-level calculations reported
earlier (with a basis set extended beyond 3-21G(d)).50,51

Invariance of the symmetric PdO stretch, which is coupled
strongly with the symmetric P-O stretch, toward the presence
of a cation affecting the bond lengths is likely due to the
cancellation of the two opposing effects: a lengthening of the
PdO bond, reducing the bond force constant, and a shortening
of the P-O bond, raising the bond force constant.

Monohydrated orthosilicic acid with an acid molecule acting
as a single hydrogen-bond donor was shown to exist in a number
of stable isomers.54 In this study, for adequate comparison with
silica-phosphate complexes4 and 5, it was necessary to
optimize complex6 with the oxygen of water forming bifurcated
bonds with two hydrogens of orthosilicic acid. All other
minimum-energy monohydrated and dihydrated complexes
found in this study were “contaminated” by hydrogen bonds
with the silanol groups accepting hydrogen. Such hydrogen
bonds are not present in the silica-phosphate complexes under
consideration. The monohydrated bifurcated complex of ortho-
silicic acid (6) is given in Figure 4. The axial symmetryC2

complex is found to be a transition-state structure connecting
two symmetric global-minimum cyclic structures with the water
molecule bridging two hydroxyls of orthosilicic acid34 (at the
MP2 level of calculations, this complex is a local minimum23).

The stabilization energies (SE) along with the BSSE corrected
values are listed in Table 2. As shown, the BSSE correction
significantly improves the reproducibility of the experimentally
observed stabilization energies of the hydrogen-bonded com-
plexes obtained by the DFT calculations employing the B3LYP
functional and double-ú basis set.55 Thus, for water dimer it
was shown that the BSSE corrected stabilization energies were
within 0.2 kcal/mol of experimental values, which is less than
the experimental uncertainty of measurements. The bifurcated
C2 complex (6) has a fairly low stabilization energy (see Table

TABLE 3: Characteristic Bands in Spectra of DHP and DMP Isomers in Vacuo, in Complex with a Water Molecule, with a
Sodium Cation, and with Orthosilicic Acid Calculated at the B3LYP/6-31+G(d,p) Levela

Na+ H2O

in vacuo symmetric monohydrated Si(OH)4band
assignment DHP DMP DHP DMP

asymmetric
DMP DHP DMP

dihydrated
DMP DHP DMP

exp40 Na2+

DMP

DHP/DMP
ssP-O 732(128) 675(103) 803(75) 730(33) 642(238) 752(124) 692(104) 698(94) 769(109) 703(122) 755
asP-O 762(371) 698(327) 862(310) 795(245) 754(175) 796(450) 735(481) 748(458) 815(240) 746(227) 807
asC-O 1079(220) 1063(263) 1063(92) 1075(233) 1077(242) 1074(249) 1042
ssC-O 1095(22) 1069(39) 1087(190) 1090(37) 1093(40) 1088(43) 1065
ssPdO 1065(254) 1067(328) 1093(227) 1082(451) 1047(341) 1068(334) 1065(392) 1068(473) 1072(394) 1066(458) 1116
asPdO 1290(387) 1279(326) 1209(380) 1174(273) 1294(388) 1266(325) 1249(275) 1250(334) 1251(412) 1233(359) 1244

a Frequencies,ν, in cm-1 followed by intensities,I, in km/mol given in parentheses.
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2) of around-3 kcal/mol after the BSSE correction compared
with approximately-7 kcal/mol found for the lowest energy
monohydrated complex.34 Therefore, due to this low stabilization
energy, only a small fraction of neighboring silanol hydroxyls
can be expected to form bifurcated complexes with water
molecules in real systems at ambient conditions, and this
complex is used in this study solely to investigate the trends in
the changes of the silanol geometry and the stretching vibrations
occurring upon phosphate adsorption in aqueous solutions. The
weakness of the hydrogen bonds in this complex comes from
the unfavorable geometry of the complex. The hydrogen-bond
angles, O‚‚‚H-O, deviate significantly from the optimal angle
value close to 180°. Thus, it is as low as 150° and is
accompanied by a rather long hydrogen bond of ca. 2.08 Å (see
Table 1).

Hydration of orthosilicic acid results in a redistribution of
the electron density: hydroxyls not participating in hydrogen-
bond formation become less polarized and less strongly bonded
to the silicon atom (inferred from the lengthening of the Si-O
bonds and reduction of the electron overlap density, see Table
1). Adversely, the participating hydroxyls become polarized to
a larger extent and bonded more strongly to the silicon atom.

One of the parameters describing the distortion of the
tetrahedral groups [TO4], where atom T is coordinated by four
oxygen atoms, is the sum of the six OTO angles. In a regular
tetrahedron the sum is 656.82°. Maximum separation of the
atoms occupying the tetrahedral apexes is provided in a regular
tetrahedron. Thus, the deviation of this sum from that of the
ideal tetrahedron can be an indication of the prevalence of the
repulsive interactions between apex atoms. Hydration of ortho-
silicic acid with the bifurcated geometry of the complex does
not change the average charge on the oxygen atoms and
consequently does not affect the distortion of the [SiO4]
tetrahedron, i.e. the sum remains at 657.2°.

The sum of all the T-O bonds of the [TO4] tetrahedra can
be another characteristic parameter describing the tetrahedral
geometry. Monohydration of orthosilicic acid results in an
overall lengthening of the Si-O bonds: the sum increases by
0.01 Å.

The lowest energy monohydrated singly deprotonated phos-
phates arguably have an axial symmetric geometry of the
hydrogen-bonded complex with a water molecule bridging the
phosphinyl oxygens with stabilization energies between-20
and -28 kcal/mol depending on the level of calculations
(without the BSSE correction).19,56-58 The multihydrated phos-
phate groups were shown to contain mainly water molecules
lying in the exterior of the phosphinyl triangle and singly
hydrogen bonded to anionic oxygens.59 In accordance with
previous studies, optimizations of the monohydrated phosphate
species (7 and8.1) (see Figure 4) performed in this work yielded
complexes with axialC2 point-group symmetry as zero-order
minima on the potential-energy surface. These complexes are
characterized by stabilization energies of around-15 kcal/mol
after the BSSE correction (good correlation between noncor-
rected values and the previously reported ones is found), which
are given in Table 2. Significant negative charges on the
phosphinyl oxygens of the phosphate anions suggest a more
effective Coulombic interaction and, therefore, lessened direc-
tionality of hydrogen bonding. Consequently, although hydrogen
bonding in the monohydrated phosphate complexes is geo-
metrically less favorable (see Table 1b) compared with that in
the monohydrated bifurcated orthosilicic acid (hydrogen bonds
are longer and hydrogen bond angles are smaller), the former
is stronger. The geometric and energetic characteristics of

hydrogen bonding in the monohydrated DHP and DMP anions
are identical within the uncertainty of the calculations.

In the studies of the crystalline phosphates, distortion of the
phosphate tetrahedra was correlated with the hydrogen-bond
formation.60-62 Indeed, our study suggests that upon monohy-
dration of the phosphate group, the phosphate tetrahedra become
less deformed (the sum of the angles increases from 654.0° to
654.7° for the dihydrogen phosphate anion and from 653.6° to
654.5° for the dimethyl phosphate anion, approaching the ideal
tetrahedron limit). Most likely, such an observation is associated
with the decrease of the double-bond character of the phosphinyl
bonds, reducing the OdPdO angle and the back-donation of
p-electrons of the ester oxygens to the phosphorus atom,
widening the phosphodiester O-P-O angle (see Table 1b). In
phosphate anions equipoised by a sodium cation, these effects
are even larger and the [PO4] tetrahedra are less deformed (the
sum of the angles is 656.3° in Na+-DHP and 656.5° in Na+-
DMP). The HOPO torsion angle of the DHP anion phospho-
hydroxy backbone increases, in full accordance with a reduction
in the negative charges on the phosphate hydroxyl oxygens (vide
infra) accompanied by the reduction of the anomeric effect. The
COPO torsion angle of the DMP anion backbone increases
slightly as well. Such an alteration can be related to the onset
of the magnified repulsion between the increasingly positively
charged methyl groups, compensating the reduction of the
anomeric effect.

The sum of all the phosphorus-oxygen bonds is used as
another characteristic parameter describing the phosphate
groups.63,64 The experimentally observed value of 6.184 Å for
the monodeprotonated phosphates63 is very close to those found
in phosphates with organic substituents, viz. 6.160 Å.47 At the
same time, the bond parameters found in the phosphate groups
of the DNA backbone agree well with those found in the
phosphate groups containing organic substituents.65 In this study,
the hydration of the dihydrogen phosphate anion results in an
increase of the PdO bond lengths and a shortening of the P-O
bonds while the sum of the oxygen-phosphorus bond lengths
decreases upon monohydration from 6.378 to 6.360 Å. As a
result of complexation by the sodium cation, the sum becomes
even closer to the values found in experiments, viz. it constitues
6.314 Å. Almost identical changes are observed for the dimethyl
phosphate anion: the sum of the bond lengths decreases from
6.374 to 6.354 Å upon monohydration and to 6.308 Å during
complexation by the sodium cation. The sum of all the oxygen-
phosphorus bond lengths could be used as an indication of the
effectiveness of negative hyperconjugation within the phos-
phodiester linkage and/or a measure of the total effective charge
on a phosphate moiety.

Hydration of phosphate anions gives rise to an increase in
the polarization of the phosphinyl bonds, which is indicated by
the increased charge separation (see Table 1) and results in a
better alignment of the phosphate hydroxyls along the 2-fold
axis of the molecule. The calculated negative charges on the
anionic oxygens increase upon formation of the hydrogen-
bonded complexes, while the negative charges on the ester
oxygens decrease. The virtually unchanged total charge on the
phosphate anions (see Table 1) implies the absence of a
substantial charge transfer to a water molecule. Consequently,
in contrast to complexation by the sodium cation, where
weakening of the anomeric effect is at least partially compen-
sated by the reduction of the advantages of charge distribution
over extended structures, hydration results in a destabilization
of the compact-sc/-scconformation through reduction of the
anomeric effect (in accord with experimental studies),66 viz. the
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difference in total energies of the-sc/-scand -sc/ap(-72.0°/
172.0°) conformations is only 0.4 kcal/mol.

Consistent with its effect on the geometries, monohydration
of the DHP anion results in a blue shift of thessP-O band by
20 cm-1 and of theasP-O band by 34 cm-1 and in a red shift
of the asPdO stretching mode by 24 cm-1. Akin to the
invariance of thessPdO stretching mode to the presence of
the sodium cation, monohydration increases its frequency by
only 3 cm-1. At the same time, thessP-O and asPdO
vibrations become less intense while theasP-O andssPdO
vibrations become more intense. As a result,asP-O becomes
the most intense band (in vacuoasPdO is predicted to be the
most intense band). These alterations in IR spectra are in good
agreement with experimental studies, viz. a low-frequency shift
of the intenseasPdO band between 20 and 50 cm-1 and the
virtual invariance of thessPdO band are reported upon
hydration of DNA fibers,67,68phosphate groups of phospholip-
ids,69,70 and phosphoesters.71,72 Again, similar correlations are
found in this study for the DMP anion. These calculations
suggest red shifts for theasC-O andssC-O bands by about 5
cm-1, which compares reasonably with experimental ca. 10
cm-1 red shifts.67

The experimentally observed frequency shifts upon dissolu-
tion of crystalline sodium dimethyl phosphate salt40 are in
disagreement with these calculations based on a comparison of
the symmetric monohydrated DMP and its complex with the
sodium cation: theasC-O band shifts to a lower frequency
by 4 cm-1 vs the calculated shift to a higher frequency by 12
cm-1; the ssC-O band shifts to a lower frequency by 5 cm-1

vs the calculated shift to a higher frequency by 21 cm-1; the
ssPdO band shifts to a lower frequency by 32 cm-1 vs the
calculated shift to a lower frequency range by 17 cm-1; and
theasPdO band shifts to a lower frequency by 36 cm-1 vs the
calculated shift to a higher frequency range by 75 cm-1. These
discrepancies may result from a combination of the crystal-
field effect in solid dimethyl phosphate salt and the effect of
multihydration and coordination of DMP by sodium cations
enduring dissolution in water. To estimate the former effect,
we performed calculations on a dihydrated DMP anion.
Geometry optimization at the B3LYP/6-31G(d,p) level (i.e.,
without diffuse functions, denoted hereafter as the DFT level
to distinguish from the B3LYP/6-31G+(d,p) level), resulted in
a minimum energy complex (8.2) with water molecules sym-
metrically coordinating the phosphinyl oxygens by single
hydrogen bonds,73 see Figure 5, with SE of-35 and-25 kcal/
mol before and after the BSSE correction, respectively. Opti-
mization at the B3LYP/6-31G+(d,p) level yields only an
asymmetric cyclic triply hydrogen-bonded structure (8.3) with
water molecules connected in a “head-to-tail” fashion and
coordinating the phosphinyl oxygens. This complex is stabilized
by the cooperative effect74 and is lower in total energy by 3
kcal/mol (at the DFT level) than the symmetric (8.2) complex.
Due to the presence of hydrogen bonding between water
molecules, this complex (8.3) is not used further for energetic
comparisons. Earlier results reported on the dihydration of DMP
at the HF/3-21G(d) level (with water molecules symmetrically
bridging the phosphinyl and ester oxygens)50 suggest red shifts
of asP-O and both of the C-O stretching bands and blue shifts
of ssP-O and both of the PdO stretching bands upon addition
of another water molecule to the coordination sphere of DMP.
In this study, symmetric hydration of the DMP anion with
another water molecule, complex8.2, assumes blue shifts of
both P-O stretching bands and red shifts of the pairs of the
PdO and C-O stretching bands, echoing the geometrical

changes. At the same time, asymmetric dihydration, complex
8.3, suggests blue shifts of all the major bands. As a result, the
IR spectrum alterations correlate better with the experiment
assuming symmetric coordination: the red shift ofssPdO is
magnified while the blue shifts ofasPdO andasC-O and the
red shift of ssC-O are reduced. Further improvement in the
reproduction of the experimental observation (except for the
ssPdO band) is achieved by considering the IR vibrational
spectrum of the asymmetric sodium-phosphate complex (10.2).
Thus, at the DFT level, the calculated alterations of the IR
spectrum upon dissolution of NaDMP in water (comparing the
spectra of8.2 and 10.2) comprise a 9 cm-1 blue shift of the
asC-O band, a 1 cm-1 red shift of thessC-O band, a 23 cm-1

blue shift of thessPdO band, and a 45 cm-1 red shift of the
asPdO band.

4. Silica-Phosphate Complexes

4.1. Stabilization Energies of Complexes and Character-
ization of Hydrogen Bonding. Three minimum-energy silica
complexes with the dihydrogen phosphate anion, found in this
study, are depicted in Figure 2. The corresponding complexes
of the methyl-substituted analogues are given in Figure 3. The
total, zero-point vibrational, and stabilization energies are listed
in Table 2. The silica-phosphate complexes with the largest
stabilization energies of-29 kcal/mol for the dihydrogen (4.1)
and dimethyl phosphate (5.1) anions haveC2 symmetry and are
doubly hydrogen bonded. These stabilization energies indicate
strong hydrogen bonding, comparable with that found in
hydroxonium-water and hydroxyl-water complexes,75 and
exceed those found in the doubly hydrated complex (8.2) by
ca. 2 kcal/mol per hydrogen bond (at the DFT level). Hydrogen-
bond reinforcement occurring upon substitution of a water
molecule by a molecule of orthosilicic acid in the complexes
of the phosphate anions is also indicated by a doubling of the
hydrogen-bond electron overlap densities (see Table 1). The
geometrical characteristics of hydrogen bonding in the most
stable symmetric complexes of DHP and DMP are very similar.

Interestingly, other isomers with torsion angles in the-sc/-sc
sector found in this study and characterized by three hydrogen
bonds have smaller stabilization energies. Complexes4.2 and
5.2 have larger absolute values of total energies (see Table 2),
but they also have larger zero-point vibrational energies and
larger BSSE corrections. As a result, despite three hydrogen
bonds (two hydrogen bonds formed with the phosphinyl oxygens
and one with the hydroxy/ester oxygen), they have lower
stabilization energies (see Table 2). Complexes4.3and5.3also
have three hydrogen bonds: two bifurcated bonds with an
anionic oxygen of the phosphate group and one hydrogen bond
with an hydroxy/ester oxygen (see Figures 4 and 5) and have
even lower SE’s (see Table 2). The remarkable stability of the
symmetric doubly hydrogen-bonded complexes arises from the
perfect match between the geometries of orthosilicic acid and
the phosphate anion, allowing for the formation of relaxed
hydrogen bonding: the hydrogen bond angle is close to the
optimal value. The silicon atom is displaced only slightly inside
the undeformed oxygen tetrahedron. The formation of these
complexes does not require a drastic change in the silanol
hydroxyl orientation. These hydrogen bonds are very shorts
only around 1.70 Å. Due to such perfect arrangements for both
hydrogen bonds in these complexes, the geometry of the Si-
O-H‚‚‚OdP chain and the energy of this hydrogen bond can
reasonably approximate the most probable hydrogen-bond
formation of a phosphate moiety, not only with geminal silanol
hydroxyls but also with a singly hydroxylated silicon on the
silica surface.
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Hydrogen bonds in the lower symmetry complexes are more
strained: the angles deviate significantly from linearity and are
in the range between 160° and 165° for 4.2and5.2 (see Figures
2 and 3). The least stable complexes (4.3 and5.3) have even
more deformed hydrogen bonds, with the H‚‚‚O-H angles
between 140° and 160° (see Figures 2 and 3). Another
destabilizing factor is related to the changes in the geometry of
orthosilicic acid: the formation of three hydrogen bonds requires
orientation of three hydroxyls of this molecule toward the
phosphate group. This reorientation does not result in a
noticeable deformation of the [SiO4] tetrahedra due to the strong
repulsion of the oxygen atoms bearing large negative charges.
As a result of the strained geometry, the hydrogen bonds in
triply bonded complexes are significantly longer, ranging from
1.82 to 2.08 Å for4.2 and5.2 and from 1.85 to 2.12 Å in4.3
and5.3 (see Figures 2 and 3).

4.2. Changes of Charge Distributions and Geometries
upon Complex Formation.Upon formation of strong hydrogen-
bond complexes with phosphate anions, orthosilicic acid experi-
ences an intensification of the changes observed during its
hydration (see Table 1). The geometries of this acid complexed
with DHP and DMP are identical within the uncertainty of the
calculations.

Similarly, the trends observed during the hydration of the
phosphates are intensified upon their adsorption on the silica
surface (see Table 1) and are related to both the more effective
polarizing and the greater electron density abstracting abilities
of orthosilicic acid compared to the water molecule. Reduction
of the overall Mulliken charge on the phosphate anions to-0.90
au (see Table 1) indicates a noticeable transfer of electron
density onto the silanols of orthosilicic acid.

The phosphinyl bonds become more polarized as a result of
the phosphate adsorption on silica: both the positive charge on
the phosphorus atom and the negative charge on the anionic
oxygens increase. In fact, the charge separation in phosphinyl
bonding in the silica-phosphate complexes is the highest among
the complexes with three complexing agents: a water molecule,
orthosilicic acid, and a sodium cation. Possibly due to the large
positive charge on the phosphorus atom, the inductive charge
transfer from the carbon atoms to the ester oxygens is most
effective in the silica-phosphate complexes and results in the
lowest electron overlap population of the C-O bonding (see
Table 1). It is therefore possible that adsorption of phosphoester-
containing species on a silica surface can promote their
hydrolysis via the C-O ester bond cleavage. The reduced
double-bond character of the phosphinyl bonding gives rise to
its weakening and a decrease of the phosphinyl OdPdO angle.
The phosphodiester O-P-O angle widens along with further
enhancement of the back-donation by the ester oxygens. The
anomeric effect weakens and is accompanied by strengthening
of the P-O bonding. The changes in the tetrahedral angles sum
up to a further reduction of the deformation of the phosphate
tetrahedra, while the sum of the PO bonds decreases to around
6.33 Å. The C(H)OPO torsion angles deviate further from the
optimal value: the HOPO angle opens to a greater extent while
the COPO angle becomes smaller (see Table 1 and Figure 4).
Thus, this observation suggests that adsorption of phosphates
on silanol hydroxyls in aqueous solutions may have a destabiliz-
ing effect on the-sc/-scconformation of the phosphodiester
backbone, already weakened by hydration (vide supra), through
reduction of the anomeric effect. In these calculations, the-sc/
ap (-71.2°/174.3°) conformation of the phosphodiester back-
bone was found to be only 0.2 kcal/mol higher in energy than
the -sc/-sc conformation. Therefore, at ambient conditions,

thermal energy (RT≈ 0.6 kcal/mol) can induce a conformational
change of the phosphate moieties adsorbed on the silanols.

4.3. Changes in Infrared Spectra.The changes in the IR
spectrum of the symmetricC2 complexes (4.1 and 5.1) upon
hydration and adsorption on silica are summarized in Table 4
along with the available experimental observations (see ref 7).
During adsorption of the phosphate groups on silica in aqueous
solutions, the following changes in the calculated IR spectra
can be identified. (1) TheasPdO band shifts to a lower
frequency by 15 and 16 cm-1 for DHP and DMP, respectively,
compared with the experimental 3 cm-1 red shift. (2) ThessPd
O band shifts to a higher frequency by 4 and 1 cm-1 for DHP
and DMP, respectively, compared with the experimental 1 cm-1

blue shift. (3) TheasC-O band shifts to a lower frequency by
1 cm-1 compared with the experimental 3 cm-1 red shift in
D2O and 1 cm-1 blue shift in H2O. (4) The ratio of thessPdO
band intensity to theasPdO one decreases from 1.03 to 0.96
for the DHP anion and from 1.43 to 1.28 for the DMP anion
upon adsorption on silica while experiments suggest opposing
alterations. (5) The ratio (ssPdO)/(asC-O) increases from 1.68
to 1.84 compared with the experimental rise from 1.56 to 3.46.

These observations (except for the experimentally observed
increase of thessPdO band IR activity with respect to that of
the asPdO band) and changes in the band intensities are in
good quantitative agreement with the experimentally detected
changes in the IR spectra upon DNA adsorption on the silica
surface (see Table 4).7 Attenuation of the calculated ratios of
intensities of thessPdO andasPdO bands, contradicting the
experimental observations, could be related to the effects of
multihydration in addition to the coordination of the phosphate
anions by a single silanol. The symmetric dihydrated complex
of DMP, (8.2) has a lower ratio of intensity for these bands
(0.94 at the DFT level) than its complex with orthosilicic acid
(1.43 at the DFT level), and theasC-O band undergoes a 7
cm-1 blue shift upon formation of a silica-phosphate complex,
in agreement with experiment. On the other hand, the ratio
(ssPdO)/(asC-O) decreases from 1.77 to 1.68 upon complex-
ation by orthosilicic acid, which contradicts the experimental
observations. Differences in the spectra of the asymmetric
dihydrated DMP and its symmetric complex with orthosilicic

TABLE 4: Changes in the Spectra of DHP and DMP
Anions and Orthosilicic Acida upon Adsorption Relative to
their Spectra in Isolated and Monohydrated Formsb
Calculated at the B3LYP/6-31+G(d,p) Level

dihydratedband
assignment in vacuo monohydrated sym asym

exp
waterc

H2PO4
-

ssP-O 37(0.85) 17(0.88)
asP-O 53(0.64) 19(0.53)
ssPdO 7(1.55) 4(1.18)
asPdO -39(1.06) -15(1.26)

(CH3O)2PO2
-

ssP-O 28(1.18) 11(1.17) 0(1.82) 5(1.30)
asP-O 48(0.69) 11(0.47) 4(0.76)-2(0.50)
asC-O -5(1.13) -1(1.07) 7(1.14) -3(1.03) 2(1.46)
ssC-O -7(1.95) -2(1.16) 5(5.4) -5(1.08)
ssPdO -1(1.40) 1(1.17) 2(1.08) -2(0.97) 1(1.56)
asPdO -46(1.1) -16(1.31) -16(0.7) -17(1.07) -3(1.5)

Si(OH)4
sO-H
DHP -588(8.2) -525(7.3)
DMP -599(8.9) -536(8.0)

a Frequency shift,∆ν, in cm-1 followed by the ratio of intensities
in parentheses.b Only major characteristic bands are shown.c Experi-
mental observations are from ref 7 and reported for DNA adsorption
on silica.
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acid are in disagreement with experimental observations (see
Table 4). Therefore, the experimental alterations of the IR
spectra of phosphoester moieties upon their adsorption on the
silica surface seem to suggest that the changes in the geometries
and charge distribution of these moieties during adsorption are
in better correspondence with such changes occurring upon
symmetric substitution of water molecules by orthosilicic acid
in symmetric mono- and dihydrated complexes (8.1 and 8.2,
respectively).

Changes in the ratios of the intensity of the PdO stretching
bands consistent with experimental results are observed in the
calculations at the HF/3-21G(d) level where the formation of
hydrogen bond complexes results in the reduction of negative
charges on the anionic oxygens. The experimentally observed
attenuated red shift of theasPdO band can be possibly
explained by the single coordination of the anionic-PO2

-

groups by the silanol hydroxyls.
Alteration in the IR spectra during the formation of another

silica-phosphate complex(4.2), viz. blue shifts for bothasPd
O andssPdO by 7 and 6 cm-1, respectively, accompanied by
an increase in activity by 1.03 times for the former and a
decrease by 0.78 for the latter, are in disagreement with
experimental observations. Therefore, it is conceivable that
formation of this type of hydrogen-bonded complex was not
detected in the experiment, in accordance with its lower
stabilization energy and the requirement of participation of three
neighboring silanol hydroxyls.

Density functional theories have been shown to poorly
reproduce the hydroxyl stretching frequencies, viz. underestima-
tion of the O-H bonding and, as a result, low frequencies and
large shifts upon formation of hydrogen bonding.76,77In addition,
bands due to the stretching modes of the silica and phosphate
hydroxyls are obscured by the IR activity of the water molecules.
Hence, only the extremely intense stretching vibrational modes
of the silanol hydroxyl are considered further in this report.

The most remarkable alteration of the silanol IR spectrum
upon formation of the hydrogen-bond complex with phosphates
is a drastic shift of the silanol hydroxyl (Si)OH stretching mode
to a lower frequency region accompanied by a radical gain in
IR activity (see Tables 3 and 4) found in the calculations of the
symmetric complex (4.1). Specifically, the frequency of the
stretching modes of the silanol hydroxyls acting as hydrogen
donors is shifted to a lower range by almost 600 cm-1 with a
9-fold intensity gain relative to the spectrum of the molecule
(1) in vacuo and by 540 cm-1 with an 8-fold intensity gain
relative to the spectrum of the monohydrated acid (6) (see Table
4). Outstanding IR activity of the surface silanol hydroxyls
participating in hydrogen bonding can be used to detect
phosphate adsorption on the silica silanols. The calculated red
shift of the vibrational frequency of the silanol hydroxyls upon
formation of the bifurcated complex with a water molecule of
63 cm-1 is lower than the reported experimental value of 85
cm-1.78 Therefore, in the experimental studies of phosphate
adsorption in aqueous solutions, a shift in the vibrational
frequency of the silanol hydroxyls can be expected to be around
500 cm-1.

5. Conclusions

This study implies formation of strong hydrogen-bonded
complexes between the phosphates and the silanol groups of
the silica surface with stabilization energies of around-14 kcal/
mol per hydrogen bond. Hydrogen bonding in such complexes
can be stronger than that in hydrated phosphates by ca. 2 kcal/
mol. The effect of silica on molecules containing phosphate

groups can be exerted by means of both polarization and electron
density transfer. Silanols are found to induce the highest charge
separation on the phosphinyl bonding of the phosphate groups
among the three complexing agents considered, i.e., water,
orthosilicic acid, and a sodium cation, with the electron density
abstracting abilities second only to the sodium cation. The C-O
ester bond of the DMP complex with orthosilicic acid is
characterized by an unusually low electron overlap population,
viz. less than in the DMP anion in vacuo and in the other
considered complexes. For the DMP anion in vacuo in the series
of the C2-symmetry hydrogen-bonded complexes with water,
orthosilicic acid, and a sodium cation, lengthening of the C-O
and PdO bonds is observed. Along with it the anomeric effect
is reduced, and the back-donation ofp-electrons of ester oxygens
to the phosphorus atom is enhanced. Both effects can be
responsible for the shortening of the P-O bonds. At the same
time, the phosphodiester backbone torsion angle proceeds
through a maximum in the hydrated dimethyl phosphate anion
and is minimal in the NaDMP. The stability of the compact
-sc/-scconformation of the phosphodiester linkage with respect
to the extendedap conformations diminishes along with the
reduction of the anomeric effect, reaching a minimum in the
silica-phosphate complexes (the energy difference between the
compact and extended conformations is only 0.2 kcal/mol).
These observations indicate that adsorption of nucleic acids on
a silica surface can have a destabilizing effect on the-sc/-sc
conformation of the phosphodiester linkage. In the phosphate
complex with the sodium cation, the energy difference between
the compact and extended conformations was found to be higher
than in the other investigated complexes.

The changes in the IR spectra upon adsorption of the
phosphates calculated at the B3LYP/6-31+G(d,p) level on a
silica surface are in close agreement with experimental results.
The higher experimental frequencies of the symmetric PdO
stretch compared to those of the C-O stretch were related to
the complexation of phosphates by countercations. The signifi-
cant overestimation in the red shift of the asymmetric PdO
stretch and the opposing trend in the relative activities of the
phosphinyl stretching modes upon phosphate adsorption on silica
were related to the formation of singly hydrogen bonded
phosphate complexes and multihydration. The IR band resulting
from the stretching vibrations of the silica surface hydroxyls
undergoes dramatic changes upon phosphate adsorption in
aqueous solutions: it moves to a lower frequency range by about
500 cm-1 and becomes very intense with about an 8-fold
intensity gain. This leads to a strong band at∼3300 cm-1, which
can identify the formation of the hydrogen-bonded complexes
of the phosphates on the silica surface.
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