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Analytical studies have found an enrichment of the lighter Mo isotopes in oxic marine sediments compared
to seawater, with isotope fractionation factors-df.7 to—2.0 %o for A%”"9Mo0sediment seawater T€SE data place
constraints on the possible identities of dissolved and adsorbed species because the equilibrium isotope
fractionation depends on the energy differences between the isotopomers of the adsorbed species, minor
dissolved species, and the dominant solution species, ;Mo®@dsorption likely involves molybdic acid,

whose structure is indicated by previous studies to be MidéD)s;. Here we used DFT calculations of
vibrational frequencies to determine the isotope fractionation factors versus?Molbe results indicate

that isotope equilibration of Mo£~ with MoO3(H20)s, yielding A%"*Mo0moiybdic aci¢-molybdate= —1.33 %o, IS

most likely responsible for the isotope fractionation of Mo between oxic sediments and seawater. The difference
between the calculated value 8% Momoiybdic aci¢-molybdaiefor MOO3(H20)s and the value observed in natural
sediments and experiments is probably due to effects of solvation and adsorption onto the manganese
oxyhydroxide surface.

Introduction The hypothesized mechanism is difficult to test directly in
Molybdenum occurs in the oceans with a uniform concentra- experiments, but it can be evaluated theoretically by calculating
tion of ~10-7 M. At this concentration and the typical ocean the expected isotope fractionation, from measured and/or
pH ~8, Mo occurs in oxygenated seawater predominantly as computatlon_ally pred|_cFed V|brat|or_1al frequencies f_or the_ pro-
the tetrahedral molybdate ion (M@®). One of the quantita- ~ Posed species. A critical factor in such evaluations is the
tively important ways that Mo is removed from seawater is by assumed structure of molybdic acid, because the postulated
incorporation into ferromanganese oxide crusts and nodules thatiSotope effect is driven by differences in the Mo coordination

accumulate on the seaflobr3 Intriguingly, the isotopic com-  €nvironment between the two species. A computational study
position of Mo differs between seawater and these sediments;Py Tossell suggested that molybdic acid, instead of having the
the latter are enriched in the light Mo isotopes, w9Vl nominal structures Mo&gOH), or Mo(OH)s, dissociates into

of ferromanganese crusts lighter byl.7 to —2.0 %.%5 There ~ M0Os and HO.? Tossell further postulated that the MeO

is also evidence for the preferential adsorption of light Mo SPecies is adsorbed on the surface of the sediment and that the
isotopes by manganese oxides in freshwater systdmperi- solution equilibrium between Ma@™ and MoQ is responsible
ments on the Mo isotope fractionation during the adsorption of for the experimentally observed isotope fractionation.

Mo from a MoQ?~ solution onto manganese oxide have found However, a recent Raman spectroscopic and density func-
a very similar isotope fractionation factax?”/*Mowno, —solution tional theory (DFT) study concluded that the most likely

= —1.8 %0 Hence, the enrichment is thought to be due to an Structure of molybdic acid in solution is Ma(;0)s,'° not
equilibrium isotope fractionation process between the Mo MoOs. In the light of this result we have used DFT methods to

adsorbed to Fe/Mn oxyhydroxide surfaces and MoOin calculate vibrational frequencies to determine the Mo isotope
solution. This fractionation is the basis of proposed geochemical fractionation factor between Mo® and MoQ(Hz0)s as well
applications of the Mo isotope systéerh8 as between Mogd~ and all the other possible structural isomers

The mechanism of this isotope fractionation remains uncer- of molybdic acid. It was necessary to use calculated frequencies
tain. Siebert et al. proposed that isotope fractionation occurs in Pecause most of the molybdic acid frequencies have not been
solution between Mo~ and molybdic acid (with the assumed ~Mmeasured experimentally.
structure Mo(OHy), the latter being then preferentially adsorbed
to ferromanganese oxide particle surfag@hough molybdic ~ Theoretical Calculations

acid would be only a trace species in seawater, it is in  compuytations were performed with the Gaussia#t @8o-
equilibrium with molybdate ion and would be selectively gram package. The calculations were carried out using the
adsorbed onto sediments. Its adsorption would be the major g3 ypi2-14 DET functional. The basis sets used were LANL2DZ

mechanism by which Mo is taken up from oxic seawater. ECPS for Mo and 6-33-G(2df,p)i6-2° for the H and O atoms.
 Part of the “Giacinto Scoles Festschrift”. The calculations were performed using the B3LYP functional
* Corresponding author. Tek-1-609-258-3907. Fax:-1-609-258-0348. and the 6-31G(2df,p) basis set for H and O atoms because

E-Tglrli:n ngt'g?]%%ri'\?:gi?;'e‘j“' previous work? indicated that this gave the best balance between
s School of Earth & Space Exploration, Arizona State University. the accuracy of the frequency calculations and computational

' Department of Chemistry & Biochemistry, Arizona State University. CcOSt. Frequencies were calculated at the optimized geometries
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for the 9*Mo and®Mo isotopomers of the following: Mog3,
and of the possible molybdic acid structures MoO(@QN)oO-
(OH)4(H20), MoOy(OH)z, M0oO2(OH)2(H20), MoOx(OH),-
(H20)2, MoOs, MoOs3(H20), MoO3(H20)2, MoO3(H20)s, and
Mo(OH)s. Calculations were carried out in the gas phase and,
for selected species, with a polarizable continuum n¥adél
(PCM) of water. Full details of the calculated frequencies and

the vibrational mode assignments are contained in the Support-

ing Information. The unscaled frequencies were used to calculate
the ®"Mo/%*Mo isotope fractionation factors.

The vibrational partition functions can be used to determine
the equilibrium isotope fractionation factors between two

species, as the energy difference between isotopomers is due

to the differences in the vibrational frequencies (the correction
due to the contribution of rotational transitions is small compared
to the effect of the vibrational transitions, though it can become
significant at low temperature3).2% The equilibrium isotope
fractionation factor for isotopes andb between specidsand

| is determined from the calculated frequencies by the following
method:

ki

a —

Qvib - I|—| (1 _ e—hvi/ZkT) (1)
where?Q,i, is the vibrational partition function for the isoto-
pomer containing, andv; is an individual vibrational frequency.
The partition function ratio fok is

a_bﬁk = [anib/ vaib] )

which is used in the form of the reduced partition function ratio.
In practice, the reduced partition function ratio was calculated
using

N8 = Q" Que] ln[|‘| (bvi/avo] ®)
i
which approaches zero at the high-temperature limit. Here,

In([] Cvis| = Inl(my/m)**(My/M.)*

(4)

wherem, andm, are atomic masses of isotopa@ndb, and
Ma and My, are the molecular masses for isotopomeeemnd b.
The isotopic exchange equilibrium constant is given by

In[oy ] = IN*B] = In[* 4] (®)

and the isotope fractionation factor betwéeand| is expressed
as
Ay~ 1000 Infoy ] (6)

The isotope fraction factor measured for a single sample
relative to a reference standard is denoté®Moy, and the

J. Phys. Chem. A, Vol. 111, No. 49, 2001”2435

TABLE 1: Mo Isotope Fraction Factors vs MoO4%~ at 25 °C
for Candidate Molybdic Acid Structures, Calculated in the
Gas Phase via DFT with the B3LYP Functional

complex A"PMOMoA-Moo2 (%o)
MoOs —2.20
MOO3(H20) —0.57
MOO3(H20)2 —1.00
MOO3(H20)3 —1.33
MoO(OH), +0.18
MoO,(OH),(H-0) —0.53
MOOz(OH)z(Hzo)z —1.01
MoO(OH) ~0.39
MoO(OHY(H.0) ~1.14
Mo(OH)s —0.55

Though the Raman study indicated that the structure of
molybdic acid was probably MogH,0)3,1° we calculated the
equilibrium isotope fractionation factors between all possible
structural isomers of HMoO,, including structures which
corresponded to the addition or loss of one or twgOH
molecules, and Mog3~ (Table 1). For structures with the same
number of oxo groups?”™O9SMeA e acid-molybdate (A%7/%%
Mowmoa—mo0,2) became more negative as additional aqua ligands
were added, with the exception of MeO

MoOs is exceptional because it has a trigonal pyramidal
structure and a low frequency (266 thpyramidalization mode
with a large Mo displacement. This accounts for the strong
predicted concentration of the lighter isotope. The computed
A¥9Mopoa—moo2, —2.20 %o, is closest to the experimental
value (-1.8 %o) of any of the species. However, Mg€annot
be the predominant form of molybdic acid in solution. The
computed Me=O stretching frequencies are much too high to
match the experimental Raman spectifnand dilatometric
studied’” reveal an increase in coordination number when two
protons are added to Ma®'. Furthermore, the X-ray absorption
spectroscopy (XAS) of Mo adsorbed to ferromanganese nodules
indicates that the Mo is 6-coordingf&MoO3(H,0), with AY7/%%
MoOmoa-Mooz = —1.33 %o, was the next closest to the
experimental data and is also favored over MoO(§H)O)
and MoQ(OH),(H20), as the structure of molybdic acid on
the basis of Raman spectroscdfiydow might the discrepancy
between the experimental value and”*Mopea-moo,z for
MoO3(H20); be understood?

The most likely explanation is that the calculations are in
the gas phase while the isotope fractionation occurs between
MoO4?~ in aqueous solution and molybdic acid adsorbed at an
oxyhydroxide surface. Interactions with water molecules or with
surface ions could alter vibrational frequencies and mode
compositions.

There are two parameters for each vibrational mode that affect
the partition function ratio?”-958: the frequencyy, and the
isotope sensitivity demonstrated by the frequency ré&tid?".

If 9y increases (witl%/°7v staying the same), then [ °°5]
will increase. Since IMfmolybdic acid-molybdatd = IN[*"~*%Bmolybdic
acid — IN[*""%Bmoiybdard, @n increase inv for a molybdic acid

difference between two species or samples can be expressed a$,0de would causa®” 9MOwmoa Moo 1O Shift in the positive

A™Mo,_, = 6®Mo, — 6°™Mo, @

Results and Discussion

Calculated geometries for the species under consideration
have been reported previoudfUnscaled frequencies were used
in the isotope fractionation calculations because our previous
work showed that the scale factor for BSLYP DFT calculations
on Mo complexes was close to unity.

direction. 1f%5/%7y increases (witl# staying the same), then
IN[97-998] will increase. Thus, an increase fw/%v for a
molybdic acid mode would also caug€’9Mopoa—moo,? t0
shift in the positive direction.

To model the effect of solvent we carried out PCM calcula-
tions, in which the complex sits in a cavity of appropriate size
and shape in a polarizable continuous dielectric meditnis.

The result was to worsen the discrepancy with experiment (Table
2). The predicted fractionation factors became less negative for



12436 J. Phys. Chem. A, Vol. 111, No. 49, 2007 Weeks et al.

TABLE 2: Mo Isotope Fraction Factors vs MoO4~ at 25 °C 1.004
from B3LYP Calculations in the Gas Phase and with a PCM
Solvent Model of Water -
A9 MOpoA Moo A MOMoA Mo 1.003+
complex (%0) gas phase (%0) PCM
MoO; -2.20 -4.15 > 1.002 )
MoO3(H20)s —1.33 -0.33 > R"=0.9592
MOOz(OH)z(Hzo)g —1.01 —0.44 &
. 1.001 e
TABLE 3: B3LYP Calculated Frequencies, Frequency . .
Ratios, and Mode Assignments for the®®Mo and "Mo .
Isotopomers of MoO2~ 1,000
gas phase PCM solvent model 0 5 10 15 20 25 30
experimental Relative displacement of Mo
(cm™?  %Fv(em™) WPy %y (cmt) WPy assignment  Figure 1. Plot of %v/"v vs relative magnitude of Mo normal mode
317 208 1 320 1 E 6.MoO displacement, data from the gas-phase B3LYP calculations ongMoO
325 314 100189 287  1.0013%,9.MoO (H20)s.
837 826 1.00229 777 1.00243; vaMoO OH
897 868 1 890 1 A1 v{M0O H.O 2
. a 2 N /OH2
2 Experimental data for Mog&~ from ref 30. __Md_
o” Il o
TABLE 4: B3LYP Calculated Frequencies, Frequency 0
Ratios, and Mode Assignments for theé®Mo and ®"Mo H H H
Isotopomers of MoQ; o o o o $ o o
gas phase PCM solvent model N | L
95y, (Cm—l) 95,/97), 95y, (Cm—l) 95,97, assignment Manganese oxide surface
266 1.00281 321 1.00123 6MoO
336 1.00093 343 1.00060  9.M0O OH
338 1.00093 343 1.00060  J.M0O b O\ | _OH,
963 1.00205 881 1.00191 v MoO 4""0\
964 1.00205 881 100191  v.MoO o (|) OH, .,
995 1.00061 959 1.00067 wvsMo0O H', \ o / ~
. 0 o 9 W ~wh o 3 .°
TABLE 5: B3LYP Calculated Frequencies, Frequency L ] \ Q / [ _Mn
Ratios, and Mode Assignments for Selected Modes of the
%Mo and °’Mo Isotopomers of MoOz(H,0)s3 Manganese oxide surface
gas phase PCM solvent model Figure 2. Schematic representation of possible (a) hydrogen bonding
%, (cmrY) 95,,/97,, %, (cm) 9,,/97,, assignment and (b) |nner-sphere interactions of Mg8,0); with a manganese
oxyhydroxide surface.
123 1.00084 163 1.00179 O6MoO(aqua)
141 1.00106 182 1.00149 6MoO
143 1.00099 195 1.00046 oMoO pyramidalization mode of Mog) is predicted to shift up in
330 1.00093 346 1.00085 0a.Mo0O(0x0) f 2 37 1 d h | p5/97.
331 1.00094 348 1.00076 6,M0O(0x0) requency (352— 376 cm”) and to have a lower=/>"
352 1.00348 376 1.00292 ©MoO(0x0) (—0.00056), although the effect is smaller than in Mo®he
948 1.00212 868 1.00209 v,dMloO(0x0) 0aM00O(ox0) modes are affected similarly. However, these
949 1.00212 869 1.00211 vaMoO(ox0) decreases iPPv/*%v, which would have moved®”®Mowmoa—-moo,>
964 1.00060 947 1.00065 vsMoO(oxo) in a negative direction and closer to the experimental value,

are overridden by opposite trends in modes associated with the
MoOs(H20); and MoQ(OH)y(H20),; however, the factor  water ligands (see especiabyvloO(aqua)).

became more negative for MgO It seems likely that PCM is an inadequate model for solvation
Examination of the source of these contrary effects provides in an aqueous medium. Hydrogen bonds to and from solvent
insight into the problem. The effect of PCM on the MgO water are directional and are likely to have more specific effects

part of the computation is small (Table 8)/°7v values change  on vibrations than PCM allows, especially for coordinated water

little, <0.0005. The PCM effect on MoQs larger (Table 4) molecules. Interestingly, in the calculations on M&Q for

and is concentrated on the pyramidalization mode. For this which experimental data is available, the gas-phase calculations

mode, %y shifts up significantly from 266 to 321 cm (average erro= 18 cnT!) were more accurate overall than the

However, the resulting increase in%’ 9Momoa-moo2 iS PCM calculation (average errer 27 cnt1). We note that PCM

outweighed by the large decrease®wm/°’v, by 0.0016. The  did not improve agreement between theory and experiment in

decrease i®/°v reflects damping of the Mo displacement in  the calculation of the isotope fractionation between [ *

the mode as the frequency increases, caused by an increaseand [Fe(HO)s]?" complexeg?

restoring force for Me=O bending due to the modeled sol- Another consideration is that the modeled vibrational modes

vent interactions. The Mo displacement is expected to vary should take into account interactions of the molybdic acid with

directly with 95/°7y, as illustrated in Figure 1, whePév/*7y is the oxide surface. Figure 2 illustrates some possible modes of

plotted against Mo displacement for all the computed modes interaction for MoQ(H»0)s, which include outer sphere hy-

of MoO3(H20)s. drogen bonding with surface hydroxyl groups and inner sphere
A similar effect of PCM might be expected for Ma®20)s coordination with lattice Mfi™ ions (bridging oxides). All these

(Table 5). Indeed thedsMoO(ox0) mode, analogous to the interactions should specifically increase the force constants for
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TABLE 6: Comparison of Calculated Frequencies and Conclusions
Frequency Ratios for Selected Modéesof MoO 42~ and MoOs

The species most consistent with the observed isotope

level of theory fractionation of Mo between oxic sediments and seawater and

B3LYP® B3LYP® CCsD the Raman daté on the structure of molybdic acid is M@O
95, 92, 92, (H20)s. The discrepancy between our calculated valua%f>
mode (cm™) 9By (cmh) 9By7d (cml) 95/97%d Momoa-mooz = —1.33 %o for MoQy(H20); and the experi-

MoO2 0.MoO 314 1.00189 310.3 1.0020 3255 1.0019 Mental value of—1.8 %o is probably due to the neglect of
MoOs2 voMoO 826 1.00229 816.9 1.0023 831.8 1.0023 solvation and adsorption effects. The effect of the directional
MoOs3 v, MoO 963 1.00205 956.1 1.0021 947.6 1.0021 interactions between MofH,O); and a manganese oxyhy-

aThe symmetric stretching and bending modes of MoQre not droxide surface on the Mof{H,0); vibrations can account for
Mo isotope sensitive? This work. ¢ Data from ref 9.9 In ref 9 the ratios this difference.
reported are foP%/*%% which, for ease of comparison, have been
converted t*v/*" ratios here by dividing'¢/v — 1) by four. Acknowledgment. We thank Dr Andrzej Jarzecki for helpful

discussions. This work was supported by the NSF through Grant
OCE-0526495/0526618 to A.D.A., L.EW., and T.G.S., and by

Mo=0 and/or Me-OH, bending and damp the motion of the  the Center for Environmental Bioinorganic Chemistry funded
Mo atom. A decrease in the Mo displacement would decreaseby NSF Grant CHE-0221978.
95/97y for molybdic acid modes and cauA8”°Mowmoa—mo0,>
to become more negative. Although modeling of these direc-  Supporting Information Available: Tables containing®v,
tional forces is beyond the scope of this study, it seems the ®5v/°"y ratio, and the mode assignments for the gas phase
reasonable that they would increase the magnitude of theand PCM calculations on MoO(OK)MoO(OH)(H20), MoO,-
computedA®” 9Mopea—moo,z for MoO3(H20)s, improving the (OH)2, MoO2(OH)2(H20), MoOy(OH)x(H20)2, MoOs(H20),
agreement between theory and experiment. MoOs(H20)2, MoOs(H0)s, and Mo(OHj}. This material is

The effect of directional interactions in the condensed phase 8vailable free of charge via the Internet at http:/
on vibrational frequencies and isotope fractionation factors has pubs.acs.org.
been quantified in a study on the isotope fractionation between
[Fe(H0)e]3" and [Fe(HO)s)2" complexeg? There was 2.4 %o
difference betwee 5 grey0)%+2+ derived from in vacuo c (0] Thz_aken;at:{gsN.L:1 gsggoé;(é:sé)gkabe, S.; Nakayama,Geochim.
DFT Cal(.:UIat.lons anQLS(S/SA‘:.qu("'ZO)G]SHH derived from experi- OSFQ)OCBgHi-ne(,:tK. K5 Tu}ekian, K. KGeochim. Cosmochim. ActD73
mental vibrational frequencies of [FefB)¢]** and [Fe(HO)s]?" 37, 1415-1434.
in crystals. (TheA>®5Fgre(,0)g%+2+ value from the in vacuo (3) Berran, P. G.; Grill, E. VMar. Chem.1974 2, 125-148.
calculation agreed with the experimental data from solution). __ (4) Barling, J.; Amold, G. L.; Anbar, A. DEarth Planet. Sci. Lett.
Most of the.difﬂ.erencg was {:\ttribyted to frequency changes 2002‘5)1953};:)17”_’437;‘,.\]@&’ T. E.: von Blanckenburg, F.; Kramers, J. D.
caused by directional interactions in the crystl$his shows Earth Planet. Sci. Lett2003 211, 159-171.
that the interactions of molybdic acid with the surface can (6) Malinovsky, D.; Hammarlund, D.; llyashuk, B.; Martinsson, O.;
account for the discrepancy between our calculatéd® Gelt(lgg ’BJéﬁi?]Zr,nj.?Aer?g,oz.zggaﬁlpasét. Sci. Let2004 217, 315~
Momoa-Moo,z fOor MoOs3(H20); and the experimental data 329
without major changes in the structure. The 0.47 %o discrepancy 200&8)3(an807|¢906. L.; Anbar, A. D.; Barling, J.; Lyons, T. WScience
i - /9 9 5 —90.
;gfhﬁo%z(ﬁ:ée):]a%%wtfsggir'?n'izrﬁ?fgffﬁs ?ﬁ?gﬁg‘r“:‘r’]‘;n the 9 Tossell, J. AGeochim. Cosmochim. Ac200§ 69, 2981-2993.

g _ ) (10) Oyerinde, O. F.; Weeks, C. L.; Anbar, A. D.; Spiro, T.I8org.
difference seen in the [Feg®)s]32* system due to the heavier  Chim. Acta in press, doi: 10.1016/j.ica.2007.06.025.
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were three short MeO bonds?® similar to the molybdic acid ~ Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
solution structure, MogjH,0)s. Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A,;
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