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Gas-Phase Acidities of Tetrahedral Oxyacids from ab Initio Electronic Structure Theory
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Density functional calculations have been performed on several protonation states of the oxyacids of Si, P,
V, As, Cr, and S. Structures and vibrational frequencies are in good agreement with experimental values
where these are available. A reasonably well-defined correlation between the calculated gas-phase acidities
and the measured<p in aqueous solution has been found. Th&/gas-phase acidity slopes are consistent

with those derived from previous molecular mechanics calculations on ferric hydrolysis and the first two
acidity constants for orthosilicic acid. The successive deprotonation of otflED-species, for a given
tetrahedral anion T are roughly consistent with this slope, but not to the extent that there is a universal correlation
among all species.

. Introduction quantify the acid-base chemistry of oxide surfacEs?0
However, the connection between aqueous solution and the
oxide—water interface is most often made by using gas-phase
arguments based on Pauling bond strengths or electronegativ-
ies2! An implicit assumption is that differential solvation effects
and differential entropies are of minor importance. The lack of
a procedure for explicitly extricating solvent effects may inhibit
attempts to understand surface chemistry by analogy with
: . . aqueous chemistry, as solvation effects may have quite different
runoff. Despite an extensive amount of work on the environ- = e ovione on surfaces. The gas-phase proton binding

menta_l . chemistry O.f many of these species, prec_iicti\_/e energies, if available, provide a less biased set of data on which
capability for the migration of many of these species in the ', id the surface-aqueous analogy.

subsurface is still extremely limited. This is due, in part, to lack
of adequate characterization of the structural aspects of the
adsorption chemistry at key sites on oxide surfaces that can

dominate the overall uptake c,)f these species. .. calculated by the ab initio electronic structure approach, density
Recently, molecular modeling methods, based on empirical ¢,nctional theory (DFT). This is a necessary first step in
force fields, have been developed that can simulate the Surfacedetermining the effects of solvation or protonation on the

protonation, relaxation, and charging of ferric oxide surfaces, oyyanions and hence the degree to which they will exhibit site

one of the.most environmentally important adsorbing surfaces selectivity at different sites on the oxide surface.

for oxyanionsi!~16 These models have demonstrated the

importance of differences in site heterogeneity and bonding on|; vethods

the uptake of protons and on the development of localized

surface charge and bond energies. It is anticipated that such Continuing our previous work on trivalent ion hydrolysis

differences in site binding will have a dramatic effect on the reactiong? we have calculated the energies and vibrational

uptake of oxyanions at different sites on the oxide surface. The frequencies of six tetrahedral oxyanions, in all of their relevant

basis for the method is a linear free energy relationship betweenprotonation states, using DPP¥2 DFT has been shown to be

gas-phase cluster protonation energies and solutiGys gor a reliable approach for the calculation of molecular geometries,

hydrolysis reactions. This relationship is applied to protonation Vibrational frequencies, and energetics for a broad range of main

reactions on mineral surfaces to generate surf&gis gwhich group and transition metal-derived molecules®? The mol-

are not known experimentally) to predict the surface charge ecules studied here are;€@ Oy, HxSOy, HzPOy, H3VO,, Hs-

development on iron oxide surfaces. AsO,, and HSIO,. These molecules represent three formal
It is therefore of interest to evaluate whether such an approachoXidation states£6, +5, and+4), with first acid dissociation

can be extended to the binding of environmentally important PKa's ranging from—3 (HSQy) to 10 (HiSIiOy).

oxyanions in order to better understand the site-specific binding  The calculations were done with the DFT program DG#&uss

of these species to important oxide and mineral surfaces.and the program system Gaussiar?9%wo sets of calculations

Experimental equilibrium constants for aqueous hydrolysis were done. The Gaussian 94 optimizations and frequency

reactions have been used for many years to understand andalculations were done with the hybrid B3LYP exchange-
correlation functional, a generalized gradient functional. For

t Pacific Northwest National Laboratory. these calculations, the 6-3+#G** basis was us_ed for o and
* Pennsylvania State University. H and the McLean and the Chandler negative ion basis set for

10.1021/jp993421f CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/01/2000

Because of their negative charge and generally high solubility,
oxyanions of transition metals and other elements form a class
of compounds that can be highly mobile in groundwater
systems:2 The chemical behavior of oxyanions is important in
a number of environmental waste disposal areas including U.S.
Department of Energy (DOE) sitéselectric power utility
wastes’ ¢ acidic mine wastes or tailingsand agricultural

The major goal of this work is to determine whether gas-
phase acidities for selected oxyanions can be correlated with
known Ky's in solution. The gas-phase acidities have been
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TABLE 1: T —O Bond Lengths and Symmetric Stretch

Frequencies for Unprotonated Species

T-O(pm) vsTO4(21) 0 TOs(€) vasTOu(tz) 0 TO4(t2)

Rustad et al.

methods to calculate the acidities of the second row species
H4SiO4, H3POy, and BSO, for calibration purposes. The G2
and CBS-4 calculations were started from the LDFT geometries
and these calculations were done with Gaussian94.

SO2- B3LYP 152.6  865(983) 399 (450) 995 (1105) 561 (611)
LDFT  153.0 878 390 1044 551
crog~ B3LYP 1657 859 (846) 336 (349) 871(890) 382 (378) lIl. Results
LDFT 1665 853 323 903 365 -
POS BILYP 1606  789(938) 349 (420) 845 (1017) 494 (567) A. Structure. For tt:nese coTpounds, ther_e are five types of
LDFT 1604 796 018 01 structures for [TQ—|[]] fo_r n=0-4 andm = 0to—4. The
VO2~ B3LYP 1740 777 (826) results are summarized in Tables3.The five structural types
AsOg3 IE_QEP ggg 7(:‘?601 (837) 22;12 (349) 3213 (878) 783650 (463) are shown in Figure 1 with F P. The structures do show some
SO~ . . .
LDFT 1750 681 275 708 364 variation depending on T. For example, for= 1, the OH bond

a Experimental numbers in parentheses are taken from réfvi@.%-
is not predicted to hav@; symmetry at the B3LYP level, so only the
breathing mode is comparetlvO,® is predicted to have approximate

Tq symmetry at the LDFT level.

S, P, and S#3 For V and Cr, the WachtersHay®":38 all

may be staggered with respect to twe-@ bonds or it may
eclipse a FO bond. Forn = 4, there can be significant
deviation from tetrahedral bond angles, although the orientations
of the protons remain similar. As shown in Tables85, all
molecules showed considerable similarity on progression
from [TO4™ 721074 to [HTO4™ 1103 to [H,TO,4™ 02 to

electron basis set was used with scaling factors from Ragha-[H3TO,4]™ 11 to [H4TO4™ 290 where the charges depend
vachari and Truck& For As, the basis set was taken from on the oxidation state of T, and the variations did not show a
Curtiss and co-worker¥. The DGauss optimizations and strong dependence on the specific molecular charge. The first
frequency calculations were done at the local level with the step, going from T@to HTO,, is accompanied by a substantial
potential fit of Vosko, Wilk, and Nusai? The DZVP2 basis lengthening of the F¥OH bond (16-15%) and a small shor-
set! (and A1 fitting set) was used on all molecules except for tening of the -O bonds. The T(VI) ions, HSO and HCrQ ™,

the As compounds. For the As compounds, the calculations werehave an OH bond staggered with respect to TO, while the-T
done with the DZVP basis set on As and the DZVP2 basis on (As,V,P)Q?" and TVHSIO#~ ions have eclipsed arrangements.
O and H. At the final local geometries, gradient-corrected The H,TO;, structures are similar, with a46% increase in the
energies (BP) were obtained with the nonlocal exchange T—OH bonds and a 46% decrease in the-TO bonds with

potential of Beck& combined with the nonlocal correlation

functional of Perdevi*

respect to the (TQ™ ion. For the HTO, strucures, there is a
6—7% decrease in the-JO bond and a very small increase in

As there are no reliable experimental values for the gas-phasethe T-OH bond. Finally, HTO, structures have FOH bonds
acidities for these acids, we have used thé®Gid CBS-4°

about 2% shorter than the-O bonds in the (TG™ anions.

TABLE 2: T —OH and T—0O Bond Lengths and Key Vibrational Frequencies for Singly Protonated Speciés

T—OH T-0 0 TOH Vas TO3 vs TO3 vs T—OH v OH
HSO,~ B3LYP 171.9 147.3%148.6 1244 1181, 124% 988 670 3810
LDFT 170.1 148.7*, 147.7 1096 1207, 1263 1002 702 3693
HCrO4~ B3LYP 184.2 160.3%, 160.6 785 1019, 1001 968 637 3841
LDFT 180.4 161.8*,161.1 778 1034, 1015 956 677 3727
HPO2?~ B3LYP 178.3 156.1, 154.5* 10991240) 1083 (1080) 898 (980) 58@®B70) 3834
974 1114 902 462 3636
LDFT 176.5 156.4, 154.4* 1140 626°
986 473
HVO4* B3LYP 197.7 168.7, 168.1* 880 871 862 499 3854
LDFT 193.4 169.4, 168.5* 920 868 537 3702
929
730
HASO2~ B3LYP 193.5 170.9, 169.4* 1004 808, 790 750 442 3798
LDFT 191.4 171.0, 169.0* 1107 846, 822 766 475 3522

aDistances are in picometers, and frequencies are int.cBxperimental values for hydrogen phosphate in parentheses are taken from ref 49.
The following footnotes show mixing of modes+ TOz asym. + Oron. ¢ + vas POs. €+ inv. f-inv. 9 Asterisk refers to x2.

TABLE 3: T —OH and T—0O Bond Lengths and Key Vibrational Frequencies for Doubly Protonated Speciés

T—OH T-0 Vas TO; v TO, Vas T(OH), vs T(OH), v OH

H,SOy B3LYP 162.6 143.9 1413 (1450) 1166 (1223) 810 (883) 758 (834) 3761, 3757
LDFT 162.2 145.0 1418 1169 831 771

H,CrO, B3LYP 175.8 156.0 1108 1084 786,734 763 3812, 3807
LDFT 174.1 157.6 1101 1053 813,758 768

H,PO;~ B3LYP® 168.1 150.7 1293 (1150) 1064 (1070) 751 (943) 729 877) 3843, 3842
LDFTd 167.0 151.0 1295 1069 792 747 3715, 3715

H,ASO;~ B3LYP 183.2 165.4 917 849 579 586 3817, 3816
LDFT 181.8 165.5 930 863 611 604

HVO,~ B3LYP 186.3 162.3 1004 995 637 628 3867, 3866
LDFT 183.6 163.5 1017 979 671 639

H,SiO2 B3LYP 178.6 160.7 1085 876 630 608 3831, 3831
LDFT 177.1 161.0 946 880 667 625

a Distances are in picometers, and frequencies are irt.dixperimental values in parentheses are taken from ref 50 for sulfuric acid and from
ref 49 for the dihydrogen phosphate idrStrongly coupled t@YTOH mode.¢ POH asym bend at 1045 and POH sym bend at 10B@H asym
bend at 1031 and POH sym bend at 1011.



Gas-Phase Acidities of Tetrahedral Oxyacids J. Phys. Chem. A, Vol. 104, No. 17, 2000053

TABLE 4: T —OH and T—0 Bond Lengths and Key Vibrational Frequencies for Triply Protonated Specie%

T-0 T—OH v TO v T(OH)3 v OH

HsPQ, B3LYP 147.7 161.6, 161.2 1322 (1258) 804 (891) 3837, 3828, 3823
LDFT 148.4 160.4x 3 1290 824 3726, 3722, 3722
HaASO, B3LYP 162.1 176.6¢ 2, 176.0 963 668 3811, 3797, 3795
LDFT 162.9 175x 3 968 695 3644, 3642, 3642
HaVO, B3LYP 156.6 178.5,177.6 2 1115 717 3862, 3857, 3821
LDFT 158.6 176.3< 3 1078 742 3750, 3741, 3741
HaSiO,~ B3LYP 156.3 171.1x 2, 169.8 1114 699 3892, 3887, 3878
LDFT 156.4 170.3« 2, 169.1 1120 708 3779, 3776, 3776

aDistances are in picometers, and frequencies are irt.cexperimental values for orthophosphoric acid in parentheses are taken from ref 52.

TABLE 5: T —OH and T—0 Bond Lengths and Key TABLE 6: Comparison of the Calculated H,SO, Structure
Vibrational Frequencies for Quadruply Protonated Specie3 with Experiment2
T—-OH T-OH symstr OH str (symm)
H4PO, " B3LYP  156.5 831934 3783
LDFT 155.9 844-899 3657
H/AsO,*  B3LYP  171.3 707 3743
LDFT 170.9 727 3568
HaVO,* B3LYP  168.8 794 3776 DFT B3LYP LDFT ref 47
LDFT 170.5 802 3663
H.sSiO,  B3LYP 1646 757 3901 r(OH) 97.0 98.6 97.e:1
LDFT 1641 762 3789 r(SQy) 162.6 162.2 157.41
r(SQy) 143.9 145.2 142.21
aDistances are in picometers, and frequencies are in-.chvery OHOS 109.5 107.6 108% 1.5
mixed with 6TOH. 0O:SOr 101.5 101.7 101.31
00O,SOy 124.6 125.4 123.3 1
00:SG, 108.9 108.4 108.6: 0.5
00:SOy 105.3 105.3 106.4 0.5
0OH10,S0, 30.5 26.1 20.8t1
OH10:SOr —80.3 —84.6 —90.9+1

a Distances are in picometers, and angles are in degreesdQ’
are the oxygens bonded to, ldnd H', respectively, and ©and Q'
are the “doubly bonded” oxygens.

is at least partly due to the fact that the vibrational frequencies
of the unprotonated anions are measured in the solid ffhase
where there can be significant interactions with the cations in
the matrix.

For the HTQ ions, only the infrared and Raman spectra of
aqueous HPE~ have been measured experimentéflyAs
1545pm  HPO,> PO.> shown in Table 2, the agreement is generally good, although

4 , ,
Figure 1. Changes in oxyacid structure as a function of protonation Weido questlon some of the aSSIQnments. We note that the 980
state. The example shown in the figure is forP@ 3. HPO,H is cm! peak assigned to the symmetric 3 €iretching mode is
included for completeness in establishing trends; the species is notclose to the calculated 974 (B3LYP) and 986 (LDFT)¢m
known to exist in aqueous solution. mode assigned tOPOH in our DFT calculations. This mode is
strongly coupled with a P9©mode in which the eclipsed PO

For sulfuric acid, structure predictions can be compared to bond stretch vibrates asymmetrically with the two other PO bond
microwave spectroscopy measureméntsdetailed comparison  stretches. This asymmetric PO stretching mode is calculated to
is shown in Table 6. Theory predicts-® distances that are  be at 1099 (B3LYP) and 1140 (LDFT) crh We also note that
somewhat too long; otherwise the agreement between theorythe P-OH stretching mode is strongly coupled to the PO
and experiment is quite good. inversion bend.

B. Vibrational Spectra. Selected vibrational frequencies are For the HTO, species, the most extensive measurements
also reported in Tables45. The vibrational frequencies provide (vapor phase) exist for sulfuric actdl A detailed comparison
useful insight into the response of the molecular structure to of the band assignments is shown in Table 7. The agreement
protonation/deprotonation reactions as well as providing a useful between theory and experiment is good and supports the
test of the DFT calculations. A number of experimental previous assignmen8except that we note significant mixing
determinations of vibrational spectra exist for comparison with between the asymmetric $Gstretch and the asymmetric
the calculated values. For the unprotonated,Ti@ns, the coupling of the SOH bends. The calculated values are generally
comparison is given in Table 1. The B3LYP DFT stretching less than the experimental ones, consistent with the fact that
frequencies are lower than the LDFT values, as expected fromthe calculated bond distances are longer than the experimental
many previous studies. In general, for these ions, there is a clearones.
tendency for the DFT methods to underestimate the vibrational The infrared spectrum of aqueous,R;,~ has been re-
frequencies, although the differences by which the frequenciesported?® The calculated value for the asymmetric J€retch
differ vary from ion to ion. The differences between theory and (1293 cntl) is considerably higher than the observed band at
experiment are substantially larger than usually found and this 1150 cnT?, which is somewhat surprising considering thg H
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TABLE 7: Comparison between Theory and Experiment for
the Vibrational Frequencies and Band Assignments for

Sulfuric Acid
DFT ref 50

OH str B3LYP 3760 (s), 3756 (as) 3610
LDFT 3649 (s), 3645 (as)

SO, asym str B3LYP 1413 asym OH bend 1450
LDFT 1418+ asym OH bend

SO, sym str B3LYP 1165+ sym OHbend 1223
LDFT 1169+ sym OH bend

SOH asym bend B3LYP 1137 1159, 138
LDFT 1120+ SO, asym str

SOH sym bend B3LYP 1127 1159, 1¥38
LDFT 1090

S(OH), asym str B3LYP 810 883
LDFT 831

S(OH), sym str B3LYP 758 834
LDFT 771

SO, rock B3LYP 517 568
LDFT 501

SO, bend B3LYP 510 550
LDFT 489

S(OH), rock B3LYP 470
LDFT 447

S(OH) symtorsion B3LYP 422
LDFT 418

S(OH), bend B3LYP 360
LDFT 336

S(OH) asym torsion B3LYP 314
LDFT 330

SOy twist B3LYP 260
LDFT 252

@ These frequencies were not assigned to symmetric and asymmetric

components in the original pap@r.

tions in the aqueous measurements, which should decrease the
frequency from that of the free ion. Calculations of the

symmetric stretch for BPO,~ at 1064 cnt (B3LYP) and 1069

cm™! (LDFT) are consistent with the assignment for the peak
observed at 1070 cm,*951 although it is interesting that the

Rustad et al.

TABLE 8: Energy Differences for Calculating PAs

neutrals monoanions dianions
—AEgec AZPE —AEgec AZPE —AEqec AZPE
Cr B3LYP 321.0 -7.1 4558 —6.8
BP 321.1 -6.8 456.3 —6.6
S B3LYP 3152 -—-7.6 4523 —7.3
BP 316.7 7.4 457.0 -6.9
P B3LYP 3309 7.2 461.7 —7.9 583.8 7.4
BP 3317 —-7.2 4659 —-7.3 5991 -7.2
V B3LYP 3314 -6.9 461.8 —7.3 563.5 -7.6
BP 3332 —-65 4634 —-69 5899 -6.7
As B3LYP 329.7 -7.1 456.3 —7.4 5740 -7.4
BP 3328 —-6.8 4627 —-7.1 5920 -7.1
Si B3LYP 3572 7.4 4724 —7.2
BP 356.6 —7.3 4772 7.2

We note that, for a given-O bond length, there appears to
be a tendency for the transition metal oxyacids to have much
lower T-O—H bending frequencies than the main group
oxyacids. This is especially true for the,FHO, species; for
example, thedTOH modes for HASO, (dro = 183.2 pm
(B3LYP) and 181.8 pm (LDFT)) are predicted to be 1046¢m
(B3LYP) and 1059 cm! (LDFT) and 1011 cm! (B3LYP) and
1022 cnt! (LDFT), whereas those for ##O4~ (dro = 186.3
pm (B3LYP) and 183.6 pm (LDFT)) are 696 cin(B3LYP)
and 716 cm! (LDFT) and 692 cm! (B3LYP) and 699 cm?
(LDFT). This may have some significance for surface com-
plexation reactions as the transition metal oxyacids may be able
to have more flexible hydrogen bonds to the surface.

C. Gas-Phase Proton Affinities.The proton affinity of a

monovalent anion (related to the acidity) can be defined as the
negative of the enthalpy change for the following reaction

SO, results. This is possibly due to hydrogen bonding perturba- calculated at 0 K:

H"+A—HA

1)

The enthalpy changet ® K consists of the electronic energy
difference between HA and Atogether with a correction for

hydrogen bonding interactions, if present, do not appear to affectthe difference in zero point energies.

v(PQ,) as much ag,{P0O,). Both the asymmetric and sym-
metric combinations of the A(OH) stretching modes appear
to be underestimated by the DFT calculations, although we note

that the POH bends at 1062050 cnt* have enough intensity _ o N _ N
to have been easily observed in the infrared and are closer toDefined in this way, the proton affinity of Ais a positive
the 943 and 877 cni values reported for the-FOH stretching.

been reporte®? A band at 1173 cm! at 25 C was assigned to

C, the frequency of this band increased to 1258 &nThe

the decreasing perturbation of hydrogen bonding on th©P : erg
stretch as temperature increases. The calculated values of 132gorrection of 2.RT. We can extend the definition of PA(A
cm™! (B3LYP) and 1290 cm! (LDFT) are in reasonable

agreement with the high-temperature value, supporting this

interpretation. A band at 891 crhat 25°C was assigned to
the symmetric combination of the-ROH) stretch. Our calcula- .
tions suggest that the symmetric stretch is nearly 100lcm 9VINg
lower, at 804 cm! (B3LYP) and 824 cm! (LDFT). There are

asymmetric combinations of the-®OH) stretching modes at

884 and 899 cm! (B3LYP) and 920 and 918 cm (LDFT).
The asymmetric combinations of the POH bends (1029 and 1019
cm~! (B3LYP); 1033 and 1028 cmt (LDFT)) are strongly
coupled to the asymmetric combinations of the®H stretches.

The symmetric combination of the POH bends is at 985%cm

(B3LYP) and 1016 cm! (LDFT).

PAA") = _[(Eele(.{ HA} — Eelec{Ai}) +

(ZPHHA} — ZPHA })] (2)

number; the more positive the number, the greater is the energy
The Raman spectrum of aqueous orthophosphoric acid hasgained by the system upon association of With A~. To
convert tle 0 K value to 298 K, one has to include thermal
the P-O stretching mode. As the temperature increased td 450 corrections for the translational, rotational, and vibrational
energies and a correction for the change in the number of

authors hypothesized that this increase in frequency is due tomolecules assuming ideal gas behavior. Assuming no temper-
ature dependence on the vibrational energies, one gets a

to include anions with negative charge

HY+ A" —HA™

PAA™ = —[(Eged HA™™} — Ed A™™) +
(ZPE(HA™™} — ZPEA )] (4)

®3)

The values for-AEeiee AZPE, and PA(A) are given in Tables

8 and 9.

The B3LYP and BP values for the PAs of Aare in good
agreement with each other with the largest difference found for
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TABLE 9: Charges (e), Radii (pm), Gas-Phase Acidities @ 10 — ; ‘ — T
(GPA) (kcal/mal), pK, for Tetrahedral Oxyacids®G [ o
- — s L R=0.751 ]
neutrals monoanions dianions : ]
Z radius  ZIr PA K& PA pKZ PA pKS 6 [ 4
Cr 6 40 0.1500 313.9-0.2 449.0 6.15 ol E
BP 314.3 449.7 T ® 1
S 6 26 0.2308 307.6—1.98 445.0 1.99 i . HAS0, © 1
BP 309.3 450.1 1
P 5 31 0.1613 323.7 2.15 453.8 7.20 576.4 12.35 oL ]
BP 324.5 458.6 591.9 e, 2 ]
V 5 495 0.1010 3245 4.00 4545 8.55 5559 14.3 o[ ou ]
BP 326.7 456.5 583.2 r 1
As 5 475 0.1053 322.6 2.24 4489 6.96 566.6 11.5 R P P R R BRI R SRS S
BP 326.0 455.6 584.9 024 022 02 018 016 014 012 01 008
Si 4 40 0.1000 349.8 9.86 465.2 13.1
BP 349.3 470.0 ZIr (e/pm)
2 GPAs were calculated using DFT as described in the tésfsp (b) 14 ‘ : ‘ ‘
are taken from ref 55 except foKg' for H,SOQs, which is taken from [ HSi0; ©
ref 18. Radii are taken from ref 56. 12 [ R=0.831 -
TABLE 10: G2 and CBS-4 PA(A") (Including Zero-Point 10 [ .
Corrections) for T = Si, P, and S in kcal/mol [ 1
method Si P S (Lm 8 r E
G2 (0K) 351.7 327.4 310.8 o 5L ]
G2 (298 K) 353.1 328.4 312.2 ; ]
CBS-4 (0 K) 350.1 324.0 307.7 4 5
CBS-4 (298 K) 351.4 324.9 308.4 —
2 ;HSO; B
0 I I B U S R TS IS B SR R R

T = As with a difference of-4 kcal/mol. The B3LYP and BP
PAs of A2~ show larger differences with the largest being 7 018
kcal/mol (1.5%) for T= As again. The larger BP values are Z/r (e/pm)

consistent with the lack of additional diffuse functions in the ] ) ) ] )
basis sets used at the BP level so that the more negativerF'_gure 2. PKaversus charge/size .ratlo for the Qxya(:lds considered in
charged species are less stabilized. The PAs forshow even this paper: (a) neutral molecules; (b) monoanions.

larger differences, and again the BP values are more negative,

consistent with the basis set argument. dianions, as well as the difficulty in reliably calculating multiply

The values of PA(A) for H3SiO,~, H,PO,—, and HSQ ™ have charged anionic species. The neutrals and monoanions lie on
been calculated at the G2 and CBS-4 levels (Table 10). We two distinct lines, as shown in Figure 4, separated in energy by
take the G2 values to be the most accurate set of calculationsabout 100 kcal/mol.

The G2 values are consistently larger than the CBS-4 values in  The present acidity calculations can be placed in context with
terms of the magnitude ranging from 1.6 kcal/mol foE=TSi other calculations (at the DFT level) on the gas-phase acidities
to 3.4 kcal/mol for T= P. Comparing the BP values to the G2 of trivalent (+3) hexaaquo ion% and the higher hydrolysis
values, we note that the BP values are always of smaller absolutg'eactions for ferric iron in solution, calculated by successive
magnitude. The BP acidities ofs8iOs, H3POs, and HSO;are  deprotonation of Fe(pD)s**, as shown in Figure 4. Thekp
2.4,2.9, and 1.5 kcal/mol less than the G2 values, in excellent vs APA(A" slope for the deprotonation constants for the silicate
agreement considering the level (and computational cost) of theand sulfate species are fairly consistent with the slapiz/

BP calculations. APA(A" = —0.028 previously developed to estimate the surface

D. Relation between Gas-Phase Proton Affinity and  charging behavior of goethifé;'*hematite!® and silical® This
Solution pK,. Size/charge ratios have been previously used to relationship was determined from molecular mechanics calcula-
rationalize the relative acidities of oxyaniotsThe acidity of tions of deprotonation energies. The quantum-mechanically
an oxyanion is usually defined in terms dfp whereK, is the derivedApK/APA(A") slope is much the same as that derived
equilibrium constant for the reaction HA"Y(aq)— H*(aq) + from molecular mechanics for the species considered previously
A" (aq): (Fe(OH), H,SiOM4). The Hy(V,As,P)O(3) species still

appear to follow a linear trend, but the slope is steeper, close to
(5) the 0.04 [Ky/(kcal/mol) slope shown by the solid line. Thus,
although there is a rough consistency with the 0.0Rg(cal/

In Figure 2a,b, the size/charge correlation is shown for the mol), the slope cannot be regarded as universal. The relative
oxyacids considered here. Clearly, it would be desirable to values of HSO, and HSQ™ are closer to the 0.028</(kcal/
improve on the size/charge correlation. In this section, we mol), but this must be regarded with caution, as the experimental
investigate how the calculated gas-phase acidities correlate withvalue for HSQy is likely to be highly uncertain. The closeness
the aqueous acidities of these oxyacids. of the intercepts for the silicate acidities and the iron hydrolysis

As shown in Figure 3a,b, the correlation between PA\(A constants is accidental. The wide scatter in the intercept values
and (K is good for the proton affinities of both the neutrals apparent in Figure 4 implies that, if one were to consider mixed
and monoanions. No such good correlation appears to exist forsystems such as F&0O, complexes or surface species, a
the dianions, which likely indicates the greater influence of different approach would be required. The intercepts, and
solvation effects in determining the acidity constants of the ultimately the X, values, are specific to a given anion. Thus,

0.24 0.22 0.2 0.16 0.14 0.12 0.1 0.08

Ko=[H A" VHA ™™
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r s ] L ]
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PA (kcal/mol; B3LYP/6-311++G**) vor (em™)
1 Figure 5. pK,versusy©Hyay, the highest OH stretching frequency for
(b) R I I L R U neutrals ©), monoanions-), and dianions x).
12 F pK,2=-205.46 + 0.47005 AE © Si ]
E R=0.948 B (the lKJ/APA(A™) slope defined by the dashed lines in Figure
10 [ ' ] 4). For two species on a given line
c;c w®E B pK' = IR AG,' + AG,} (1)
Q s g K2 = LURTAG2 + AG2 )
4L ;
s 1 whereAGy = G* — GHA is the gas-phase deprotonation energy
2 so ] andAG;s = G — G4 is the difference in solvation free energy
N R between the product A and reactant HA. Ignoring changes in
440 445 450 455 460 465 470 entropy, and equatindGg with AEg, t_he gas-phase_ d?proto-
. nation energy calculated as described above (i.K! &
PA (kcal/mol; B3LYP/6-311++G™) 1R AEG + AGdY}), the slope of the line is
Figure 3. pKa versus gas-phase acidity: (a) neutral molecules; (b)
monoanions. pK, — pK/(PA(2) — PA(1)) =
2 1.
12.30RN{1+ (AGS — AG)/(PA(2) — PA(L))} (1)
15 NN L L I L B 'g' T 7 >'<'_'{w
I i+ nsio; 4 If there were no effect from solvation, the slope should be
[ | N approximately 0.73 IgJ/(kcal/mol) (1/2.30RT). For a given
10 - ol increase in proton binding energy, the solution phase acidity is
1 greaterthan would be predicted by the 0.73 (1/2.803 slope.
© F A - This implies that the reaction products are stabilized by the
VA ggo B solvation free energyAG¢Z — AGdl is negative if PA(2)— PA-
Q [ x;ﬂ‘f}a‘* i ] (1) is positive. In other words, if a given compouné/has a
5 ot ket joT [ ] high proton affinity, it is also has a high (favorable) solvation
0 ¢ HCr0, — . . . h . . .
- energy. Further elucidation of this relationship will be the subject
[ 0.040 pK Jkeal/mol B S0, ] of future work.
S T R R BRI RS BN Previously, K, has been correlated with®" the OH
0 100 200 300 400 500 600 stretching frequenc§?>*Figure 5 shows this correlation for the
oxyanions and is very satisfactory, except for the apparently
PA (kcal/mol) anomalous behavior of the,AsO,("~3) species. The dastdot,

Figure 4. Global relationship between gas-phase acidity aikgfpr dashed, and solid lines have the same slope and are de_”VEd
tripositive cations, ferric hydrolysis species, and neutral, monoanionic, from the best overall slope representing neturals, monoanions,
and dianionic oxyanions. The two values for the deprotonation of Fe- and dianions not including #AsO4("~%) species. This type of
(H20)6** result from using two different basis sets: the DZVP (denoted correlation is extremely poor for the tripositive catidnis.

by O) and 6-311G (denoted by). The solid line has a slope of 0.04

pKaII)(kcaI/moI), and the dashdot line has a slope of 0.028<g/(kcal/ IV. Summary

mol).

All of the oxyacids exhibit similar structural changes in terms
there is no basis for prediction of the acidity of, for example, of T—0O bond lengthening/shortening upon protonation/depro-
an Fe-O—POH; functional group because its associated tonation. The DFT calculations compare well with available
intercept cannot be determined a priori. Extending the model experimental structural data. For fully deprotonated/TGons,
to account for such species will require explicit solvation effects the DFT calculations show a clear tendency to underestimate
to be built into the model. vibrational frequencies. This tendency does not appear to be

Another aspect of Figure 4 is the progressive increase in the uniform among the oxyacids investigated here. For example,
pK/APA(A™) slopes from the tripositive cations to monoanions the vibrational frequencies of Cy¥® were within 2% of
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experiment, but those for As® were 20% too low. This
disagreement could be due to calculating the properties o

J. Phys. Chem. A, Vol. 104, No. 17, 2006057

(21) Nortier, P.; Borosy, A. P.; Allavena, M. Phys. Cheml997 101,

f1347.

(22) Rustad, J. R.; Dixon, D. A.; Felmy, A. B. Am. Chem. So4999

isolated small anions with high negative charge, which are 151 3234,

inherently unstable as free species. For protonated oxyacids,

(23) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and

better agreement with the experimental frequencies is found. Molecules Oxford University Press: New York, 1989.

There exists a well-defined correlation between measuked p

(24) Labanowski, J.; Andzelm, Xensity Functional Methods in
Chemistry Springer-Verlag: New York, 1991.

in aqueous solution and calculated gas-phase acidities. This (25) Sosa, C.; Andzelm, J.; Elkin, B. C.; Wimmer, E.; Dobbs, K. D.;
relationship is significantly better than that obtained on the basis Dixon, D. A. J. Phys. Cheml1992 96, 6630.

of charge/size criteria.
While the gKJAPA(A") slope used in previous studies of the
surface charging of oxid&’s!31519s fairly consistent from sys-

(26) Christe, K. O.; Dixon, D. AJ. Am. Chem. S0d.992 114, 2978.

(27) Christe, K. O.; Dixon, D. A.; Goldberg, I. B.; Schack, C. J.; Wang,
J. T.; Walther, B.; Williams, FJ. Am. Chem. S0d.993 115 1129.

(28) Christe, K. O.; Curtis, E. C.; Dixon, D. A. Am. Chem. S0d993

tem to system, it is not universal. Furthermore, intercepts in 113 1520.

the KJAPA(A") correlations vary widely from anion to anion,
posing additional challenges for the prediction Efs in mixed

systems, either in solution or for adsorbed complexes on

surfaces.
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