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Density functional theory (DFT) calculations of structure and vibrational modes are reported for the ferrous
and ferric hexaaquo ions, using B3LYP gradient-corrected hybrid density functionals, standard 6-31G* basis
sets on the O and H atoms, and Ahlrichs’ valence tripl@/TZ) basis set on the Fe atom. The effect of
hydrogen bonding in solvents or in crystals has been approximated with the polarizable continuum model
(PCM). The optimized structures predict a regular Fe€@ahedron for Fe(}D)s*t, as expected, but inequivalent
Fe—O distances@ symmetry) for Fe(H0)s?", reflecting Jahna Teller distortion. PCM shortens the F&
distances and produces excellent agreement with crystallographic data. In vacuo, DFT producesTa stable
structure for Fe(kD)s*", with the HHO molecules lying in Fe@planes, but PCM induces tilting and rotation

of the O molecules. This effect is shown to be an artifact of the PCM methodology, but it does not
significantly affect the computed F®© stretching and bending frequencies, which are the main determinants
of the equilibrium isotope fractionation. The DFT-computed vibrational modes are consistent with reported
Raman and infrared spectra of the complexes in crystals, except that assigied O bending frequencies

are higher than predicted, probably owing to strong hydrogen bonding in the ionic lattices. The computation
produces a significant revision of th#%e isotope sensitivity of the Fe{B)s3" and Fe(HO)s2* vibrational
partition functions, relative to a previous estimate from an empiricalsFefe field. The difference arises

in part from lowered bending mode frequencies and in part from including modes of the bgOr({dadking,
wagging, and twisting), which have nonnegligibi®%e isotope shifts. Excellent agreement is found with

the recently determined isotope fractionation factor for the Fef§¥~>" exchange equilibrium. DFT vibrational
analysis of metal complexes can contribute significantly to the evaluation of geochemical and biogeochemical
isotope fractionation data.

Introduction functions. Therefore, equilibrium isotope effects between two

The isotopic abundances of many elements in the environment?hrer?;;fon}glaﬁf u;iigfi‘t% tbe % F;}:i?é?&i:g;g)'b;arﬁgrg ﬁ):v?/g\?ec;f
and in biology vary by as much asl% because of the effects picatly P ) '

of isotope mass on chemical reaction rates and equilibrium z:gh ndrr?(tait:rrﬁa()ftt)in u:;.\f:ftgf ggnggorgglt?teécacn?atr:?grie
constants. Studies of such variations are of particular utility in _ '9 y be questionable. quently, accu
the geosciencésRecent analytical advances have made it field models are needed to predict the magnitude of such effects.
possible to study isotopic abundance variations of transition . N this Stu;iy’ we computzi structures and vibrational modes
metals, leading to reports of natural and experimental isotope foF Fe(HO)s”" and Fe(HO)s*". These ions are of longstanding
variations of 0.0:1% for Cu, Zn, Fe, Cr. Mo, Cd. and even chemlcgl interest, and high-quality dqta are available for
TI.2713 Fe isotope research has drawn particular attention ComIJZIZVIZSSOH,from Crys_tallqgrapﬁvzar?d vibrational spectros-
because of the ubiquity of this element in the environment and ¢©PY: Our investigation is motivated by recent mass
its importance in biology. As a result, Fe isotope analyses may spectrometric determinations of the magnitude of_the equilibrium
prove useful in a range of applications ranging from geology Isotope gffect petween these complek€SExperimental de_-
to biology to cosmochemistry (e.g., refs-126). terminations differ by about a factor of 2 from theoretical
Theoretical study of transition r'netal isotope effects lags expectations that utilize published vibrational assignments and
considerably behind analytical (mass spectrometric) capabilities. & Modified Urey-Bradley force field (MUBFFY. Here, we use
The theory of equilibrium isotope fractionatioulifferences in ~ density functional theory (DFT) to reexamine vibrational
isotope abundances between compounds at equilibrismvell assignments for these complexes and predict the effects of
established”™ 29 Such fractionation results from the mass SOtope substitution on vibrational frequencies. The broader
dependence of bond strengths in the equilibrating compounds.'mpl"?at'ons for. geoscience _appllcatlons of Fe isotope research
These differences can be readily related to isotope sensitivity &€ discussed in a companion pagfer.

of vibrational frequencies and hence vibrational partition _ _
Computational Details

* Corresponding author. . . .
T p,incetﬂn Unigersity_ Computations were performed with the Gaussian 98 program

* University of Rochester. packagée? using the B3LYP gradient-corrected hybrid density

10.1021/jp036418b CCC: $27.50 © 2004 American Chemical Society
Published on Web 03/17/2004



DFT Analysis of Fe(HO)s** and Fe(HO)s*+ J. Phys. Chem. A, Vol. 108, No. 14, 2002727

TABLE 1: Calculated and Experimental Bond Distances (A) and Angles (deg) in Fe(bD)s>"

B3LYP2 PCM B3LYP CsFe(SQ)z 12H,0° CsFe(Seq), 12H,0°
Th Trd S S S
Fe-O 2.039 1.996 2.005 1.994(1) 2.002(1)
O-Fe-0O 90.00 90.00 90.01 90.9(1) 90.5(1)
O-H 0.982 0.995 0.998 0.995(3) 1.002(2)
H—O—H 106.76 108.28 107.31 110.4(2) 108.0(2)
Fe—OHs tilt 0.00 0.00 24.83 0.6(10) 18.6(10)
Fe—OH, rot 0.00 0.00 477 - -

2B3LYP/6-31G* and Ahlrichs’ VTZ level of theory (in vacud).PCM B3LYP/6-31G* and Ahlrichs’ VTZ level of theory in polarizable continuum
model € = 78.4).¢ Low-temperature neutron diffraction d&faDashes indicate not reported experimental dd@onstrained tdl, symmetry.
¢ Fully optimized PCM structure.

TABLE 2: Calculated and Experimental Bond Distances (A)
and Angles (deg) in Fe(HO)g?"

B3LYP PCMB3LYP (NH):[Fe(H0)s(SOs):2

Fe-0O, 2.140 2.125 2.143(2)
Fe-0; 2.136 2.106 2.136(2)

Fe-0O; 2.110 2.086 2.098(2)

O, Fe-0O,  89.99 89.66 89.25(6)

O, Fe-0;  91.19 91.33 91.02(6)

0, Fe-O;  90.01 90.10 90.86(6)

H-0, 0.973 0.982 0.83(3)

H-0; 0.973 0.983 0.82(3)

H—0s 0.973 0.980 0.95(3)

H—0; H 106.45 105.07 - H,0 H,0

H—0p-H 106.74 105.72 - 20 H20

H—0s H 106.85 106.50 - S M
Fe-OiH tilt  0.06 34.48 - H0——Fe——0.7: Hy0——Fe——o0; =)
Fe-OH,rot  9.38 28.19 - 7| N / 7 | o
Fe-OHtilt  0.62 39.62 - HO | " HO |

Fe—OuHarot  4.82 10.59 - i )

Fe-OgHtilt  4.02 9.13 - tilt rotation

Fe-OsH,rot  0.14 7.30 - Figure 1. lllustration of (top) the central Fe(ctahedron and of the

water orientations in th&, structure and (bottom) the-B tilting and

a Ammonium Tutton salt, X-ray dat&.Dashes indicate not reported h A
rotation coordinates.

experimental data.

. - L for the ammonium Tutton sad?, (NHa)2[Fe(H0)s](SOs)2. The
functional to optimize structures and calculate vibrational Fe(HO)s*" complex was optimized as an Fe@tahedron, with
e e Becke S Iree ParaClefne watr 1 atoms aranged % symmety (Fgure 1) Th

y kg h i th 9 q procedure converged to a structure (second column of Table 1)
Hartree-Fock (HF) exchange with the Lee, Yang, and Parr i, o positive vibrational frequencies in vacuo, but in the

31 i - i 1 . .
(LYP)> gradient-corrected correlation functional. PCM model three frequencies were negative. Removal of the
For the basis set functions, we applied the 5-d component symmetry constraint led to a8 PCM structure, in which
: e ,
set, comprised of the standard 6-31G* basis functiison the water molecules are tilted and rotated with respect to the

the O and H atomsﬁe%nd Ah_Irichs’ valgnc_e trig€VTZ) basis FeQ, planes (Figure 1). The energy was lowered by 1.7 kcall
set on the Fe atorfl. Previous applications of the B3LYP 5 ‘girycture parameters for tig andSs PCM structures are
fur!ctlone}l in combination with these ba§|s sets proyed to prodycegiven in columns 3 and 4 of Table 1.
quite reliable structures and frequencies for various transition = investigate the source of symmetry lowering in the PCM
,39 i 41 A A
metal complexe¥*and metalloporphyrin& - _ computation, we applied the same DFT PCM methodology to
Since the aquo 'Olgz are well-known to be hlgké-:pln, only the jon Al(H,0)s*". Once again & structure was stable in
the sextet state for Fe and the quintet state for Fewere 50,5 hyt application of PCM and optimization of the geometry
_evaluated. _The comple_xes were @reated in vacuo@and thenproduced arss structure with pronounced tilting of the water
imbedded in the polarizable continuum model (PCMp molecules, 252 Since APt has a closed shell electronic
account for the presence of solvent. In the PCM approach the g, cqre. the water tilting cannot be an intrinsic feature of the
solute is placed in a polarizable cavity formed by the envelope bonding orbitals. We attribute the tilting to an artifact of the

of sphe_res cen;ered on the atoms or the atomig groups. lns_idePCM methodology, which applies a polarizable cavity of fixed
the cavity the dielectric constant is the same as in vacuo, while ;< 1cion

outside i';]takes the valu? zf the desired SOIV@?‘Z[FSA for To test this idea we applied another model, IPCM (isodensity
water]. The PCM 'Se(g‘ig the most used and reliable continuum pojarizaple continuum model), in which the surface of the
solvation procedures: continuum is adjusted and optimized to the complex. This

method is unable to optimize the geometry of the complex itself,

but it does allow comparison of polarization energies for
Structures. Computed structural parameters are given in alternative structures.

Tables 1 and 2, and compared with crystallographic data. For We applied IPCM to the Fe(®)s*" structures listed in Table

Fe(HO)s*" low-temperate neutron data are available for the 1 and found that the PCNI, structure was 0.4 kcal/mol more

cesium sulfate and selenate aluth$sFe(SQ)2:12H,0 and stable than the in vacuo structure, but the PG)structure

CsFe(Se@),:12H,0, while for Fe(HO)s*" we chose X-ray data  waslessstable by 8.2 kcal/mol. Thus the bond distance changes

Results and Discussion
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TABLE 3: Electron Occupation of Atomic Valence Orbitals? are transferred to Fe; the net occupation of the O orbitals hardly
Fe* (B3LYP) Fe**(PCM B3LYP) changes. A similar m;:iease is seen in the PCM-computed O
Fé* O, H T T S distances of Fe(}D)e2", from 0.973 to 0.9860.983 A. The
= 50 7671 E o714 = 0224 cited experimental distances are 0-8895 A, but H atoms are
e . . . . o ; ;
3d, 30 32446 39645 32840 not accurately located via X-ray dlﬁragtlgn. _ _
3d, 20 2.3363 2.3640 2.3398 Even though the computed water tilting in Fe@®js*" is
4s 0.0 0.1812 0.2929 0.2986 apparently an artifact of the PCM methodology, the resulting
(")'20 8.0 7.8554 7.8326 7.8317 S structure is strikingly similar to that observed in CsFe(e0
25 20 17516 1.7526 17593 12H,0 Whereqs thd}, constrained PCM structure is plose to
2p 4.0 52736 5.2720 52656 that opservgd in CsFe(S)2r12H,0. CsEe(SQz-lzﬂzo is af
H alum, in which the symmetry of the lattice constrains the FeOH
1s 1.0 0.4151 0.4040 0.4034 atoms to be coplanar. CsFe(SgL2H,0 is ana alum, in

which FeOH pyramidalization is permitted; the tilt angle is
18.6° in CsFe(Se@),:12H,0.2!

induced by polarization continuum (see next section) do stabilize ~ These structural features are common tqsadllums on the
the structure, but theS distortion must be an artifact; a  One hand and: alums on the othe¥?">8 The choice of lattice

polarizable continuum does not intrinsically favor water tilting 1S mainly determined by the relative size of the monovalent
or rotation. cation and of the oxyaniotf. The lattice constraints have been

The Fe(HO)2" complex required symmetry lowering @ exploited in comparing the electronic properties of the trivalent
even in vacuo, due to the Jahfeller effect (see below); the ~ cation hexaaquo ions with respect to the tilfhgnd rota-
extent of tilting and rotation of the water molecules was small tion®>°#®®%tangles. Even the slight increase in the-fbond
model (column 3). As in the case of Fe®)s3*, some of this A, is reproduced by the PCM, when tfig structure is allowed
enhanced distortion is likely to be a PCM artifact. to relax toS; (1.996 to 2.005 A; Table 1). Evidently water tilting

A different approach to modeling the solvent effects is to 1S @ccompanied by a small F© extension. The geometry of
add explicit water molecules to build a second hydration sphere the complex in solution is unc%galn, but anag'XSSLS. of the EPR
and giving an Me(HO)s cluster. Calculations of aluminum- ~ @nd electronic spectra of RuB)s>" and V(H0)s>" *indicates
(1) 47 and scandium(lIP8 water clusters indicate that frequency that the water molecules are not tilted, and that their rotation
shifts predicted in the PCM model show the same trends asangles are determined by the JafTreller effect, when present.
those modeled by the nanodroplet model. The nanodroplet
model, however, is computationally much more demanding. Vibrations

Fe—O Distances.The Fe-O distance in Fe(kD)s*" is 2.039 )
A in vacuo but decreases by 0.04 A upon application of the = Computed Modes.Computed normal mode frequencies are
PCM, bringing the distance into agreement with the alum listed in Tables 4 and 5, while Fe stretching force constants
structures. Thus PCM significantly improves the main structure &€ compared in Table 6. The +@ force constants diminish
parameter in the case of Fe®)e®*. Low angle X-ray scattering with increasing FeO distance, as expected. Figure 3 shows

from iron(lll) in perchlorate solution gives an average—f that this dependence follows Badger's réie:* the well-known
distance of 2.00 A with uncertainty 0.014A. empirical relation between force constant and bond distance.

Computed frequencies for the PCM model are given only for
the S Fe(HO)e®" structure, since th&, structure is unstable
and cannot provide equilibrium frequencies. However, $he

aBased on natural population analy&is.

The Fe-O bonds in Fe(kD)s*" are all equal, because Fe
has a @ electron configuration and is spherically symmetric.
However, Fé" has a @ configuration, and a nominally ) AT . o )
octahedral complex is subject to JahFeller distortion because ~ distortion is unlikely to significantly influence the F©
one of the three dorbitals is doubly occupied. The X-ray stretch!ng and bend.mg frgquenaes, which are main determinants
structure of (NH)[Fe(H:0)s(SO),22 reveals an essentially ~©f the isotope fractionation (see below).
tetragonal Fe(bD)s2" complex, with four 2.14 A equatorial and Experience has shown that DFT-derived mode frequencies
two 2.10 A axial Fe-O bonds (Table 2). The bond length are reasonably close to experimental values, but deviations are
differences are small, since the, @rbitals are essentially ~— €ncountered, reflecting neglect of anharmonicity, basis set errors,
nonbonding. The differences are much large®,25 A, for Cr- and medium effects. With sufficient data, these can be corrected
(H20)62* and Cu(HO)e2*, which have an extra electron in one by scaling the force constants empirically, and Pulay and co-
of the two antibonding gorbitals?2 The Fe(HO)s?" structure workers®.6566have shown that a limited set of scaling factors
computed in vacuo has almost exactly the observed bond length$an successfully reproduce experimental spectra for many
(2.14 and 2.11 A). As with Fe(#D)¢3t, application of the PCM classes of molecules, including metal complexes. In the present
model decreases the £6 distances, by 0.0250.03 A. In this case, however, the data are limited. We tried applying the scaling
case PCM worsens the agreement with experiment (by up tofactors developed for metal acetylacetondfelsut we found
0.03 A), suggesting that the very close match of the in vacuo that our computed frequencies were altered very little because
distances is fortuitous. of compensation among the factors, some of which are higher

Bound Water. The computed ©H distances for Fe(}0)e3" and some lower than unity. Consequently, we have not attempted
are 0.982 A in vacuo and increase to 0.99% $tructure) or to eliminate discrepancies with experiment, and simply report
0.998 s structure) A in the PCM model, in excellent agreement the unscaled frequencies.
with the neutron structures of the alums (Table 1). The slight We are interested in the skeletal modes of the complexes and
increase in the PCM model reflects charge transfer away from omit tabulation of the high-frequency €+ stretching and
H due to polarization. Table 3 lists computed electron popula- H—O—H bending modes. Since the complexes haver higher
tions, and shows that the 1s orbital on H loses 0.00,) ¢r symmetry, the modes factor conveniently into g- and u-
0.017 &) electron upon application of PCM. These electrons symmetries (Tables 4 and 5, respectively). The former are active
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TABLE 4: Calculated g-symmetry Mode Frequencies of Fe(HO)* and Fe(H,0)s?" Complexes &) [cm~1], Computed Using
the B3LYP Density Hybrid Functional with 6-31G* Basis Set for Ligand Atoms and Ahlrichs’ VTZ for Iron, with and without
the Polarizable Continuum Medium (PCM)

Fe(H0):3* Fe(HO)s2*
vibrational assignment Q) expt PCM B3LYP (&) B3LYP (Ty) expP PCM B3LYP (C)° B3LYP (Cj)°

306 170 (A) [ 180 (Ty) 210 [ 108 [ 88

vs. O—Fe—0 def (Ta) 332 176 () 180 (Ty) 116 107
176 () | 180 (Ty) 231 [ 148 114

vy Fe—O stretch ® 475 [ 400 () [ 360 () [ 272 [ 196
400 (g) 360 (k) 296 301 265
vy Fe—O stretch (A) 523 | 486 (A) | 449 (A) 379 [ 392 | 365
246 (A) [ 339 (Ty) [ 234 [ 279

H,O twist - 256 (E) 339 (Ty) - 253 291
256 (&) | 339 (Ty) [ 261 [ 329

316 (A) [ 509 (Ty) 63 57

H.O wagg (out-of-plane) - 334 (k) 509 (Ty) - 388 364
334 (&) | 509 (Ty) 468 367

721 739 (A) [ 662 (Ty) [ 480 [ 511

H,0 rock (in-plane) 742 741 (4 662 (Ty) - 572 531
746 741 (A) | 662 (Ty) | 657 | 532

2 Raman bands based on observations in CsF848Q@H,0 and CsFe(Sef).?* P Raman bands observed in FeS#H,0.2* ¢ All vibrations are
of Ag symmetry.d Peaks shifted from these values at 15 K to 187 and 198 @n300 K.

TABLE 5: As Table 4, but u-Symmetry Modes, and Alsov/>% Isotope Ratios and Computed IR Intensities [km/mol]

Fe(H0)s* Fe(H0)e*
PCM B3LYP (&) B3LYP (Th) PCM B3LYP (C)? B3LYP (C)2

vibrational assignment Q) expt 56y 1—56/5% IR int 56y 1—56/5% expt 56 1-5/% IRint S8 1 — 5654

[ 108 (A) 0.00018 7 [ 127 (T) 0.00008 [ 79 0.00000 69 [ 90 0.00067

vs: O—Fe—0 def () — | 112(8) 0.00018 74| 127() 0.00008 - 86 0.00081 34 98 0.000 41
| 112 (E) 0.000 18 74| 127 () 0.00008 107 0.00112  45( 104 0.00010

[ 164 (A) 0.005 09 7 [ 185(T) 0.005 44 [ 124 0.00272 138 [ 121 0.004 70
vy O—Fe—0 def (T) 304 | 188 (E) 0.005 34 28| 185()) 0.00544 — |133 0.00436 27 | 135 0.004 74
188 (E) 0.005 34 28| 185() 0.005 44 | 170 0.00433 169] 137 0.00457

[ 470 (R) 0.00559 77 [ 434(T) 0.00502 389 [363 0.00461 205 [340 0.00468
v Fe—O stretch (1w 470 (E) 0.00559 77| 434() 0.00502 386 0.00488 77| 373 0.00267
505 | 487 (A) 0.00611 304 | 434(J 0.00502 | 388 0.00597 106 387 0.00207

[ 225(E) 0.00022 286 [ 257 (E) 0.00000 [ 242 0.00004 214 [ 189 0.00021
H,O twist — | 225(E) 0.00022 286 257 (@ 0.00000 — |266 0.00004 80| 243 0.00041
[ 293 (A) 0.000 20 4| 478 (4 0.00000 | 331 0.00030 113] 421 0.00031

304 (E) 0.00043 1121[532(T,) 0.000 24 137 0.00262 360 [ 319 0.002 87
H,O wagg (out-of-plane) — |304(E) 000043 1121| 532(¢) 0.00024 e | 413 0.00198 653 345 0.00347
| 350 (A,) 0.00091 149| 532 () 0.000 24 | 470 0.00026 598 403 0.00112

[ 769 (E) 0.00027 275[672(T) 0.00123 575 [518 0.00127 332 [538 0.00117
H,O rock (in-plane) 668 | 769(F 0.00027 275 672( 0.00123 605 0.00045 133| 563 0.00126
| 774 (A) 0.00030 164 | 672(J 0.00123 | 681 0.00032 201 565 0.00113

a All vibrations are of A symmetry.? IR bands observed in cesiyfralums’® ¢ IR bands observed in FeSiBH,0.2> d This mode is suggested
to have a substantial contribution for the wagging coordinate because of its considerable IR intensity and less than expected 50/53 Cr isotope shift
in the chromium alurf? (see discussion}.Obscured by a very strong band of SiFat 485 cm™.2

TABLE 6: Fe—O Stretching Diagonal Force Constants reasonable, given that rocking occurs in the Fe@ldne, while
(mdyn/A) wagging is an out-of-plane mode, and twisting involves torsion
B3LYP PCM B3LYP about the Fe O bond. It is also the order derived in an early
Fdl—0O 1.5494 1.7375 experimental and normal coordinate study by Nakagawa and
Fd—0, 0.8432 1.0060 Shimanouch?? although Adams and Lo, and also Jaif®
Fe'—0, 0.8780 1.1139 have given arguments for reversing the order of the rocking
Fe'—0; 1.0195 1.1516 and wagging modes. Inclusion of the PCM has a significant

effect on the computed frequencies. The rocking modes shift
in Raman spectra, while the latter are active in infrared (IR) up from the~650 to the~750 cnt? region, while the wagging
spectra. Being at the center of symmetry, the Fe atom remainsmodes diminish from-520 to~320 cnt?; the twisting modes
undisplaced in the g-symmetry modes. Only u-symmetry modes also diminish somewhat. These shifts reflect the geometric and
are sensitive to the iron isotope. The computed isotope sensitivitybonding changes induced by the PCM, as discussed above.

IR intensity, since this will be important to the discussion of modes are degenerate [Tas are the g-twisting modes T
IR assignments. but the u-twisting modes have,Bnd A, phasing, with quite

The Fe-O stretching and bending modes are found below different computed frequencies. In tiSe structure the Jand
1000 cn1?, as are three kinds of librational modes of the bound T, degeneracies are lifted, and substantial splittings are com-
H,O (Figure 2): twisting, wagging, and rocking. The computed puted. For Fe(kD)s?" (C;i structure) all modes are nondegen-
frequency order is rocking wagging> twisting. This seems  erate, and large frequency spreads are computed for each mode
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ST S S
~ N, H,0——Fe——0:
" 71 7
H,O
H,0 H20 2 H,0
Twisting Wagging Rocking
Figure 2. Schematic representation of twisting, wagging, and rocking vibrational coordinates of bednd H

L e e e L  Lp L 5), especially the wagging and rocking modes. For G&)F"

- e . the shifts associated with the wagging modes are almost as large

105 o, . as those of the FeO stretches, in the in vacuo computation,

! e ] and about half as large in the PCM model. This mixing has

e important consequences for the evaluation of equilibrium isotope

H effects (see below). The effects of the PCM on this mixing are

..... ‘ -7 o variable and mode-dependent.

= . Raman and Infrared Spectra. Available mode frequencies

-~ 1 from Raman and IR spectra are listed in Tables 4 and 5. The

0001 L7 7 data are from crystalline salts, whose vibrational bands are better

i 4 1 resolved than are bands of the complexes in solution, and which

08sf- - are unobscured by contributions from bulk water. The water

Lo~ . modes themselves are nevertheless difficult to asSigome

0.89 L 2102 . 2:]4 . 2106 . ZLB . 2110 . 2112 . 2114 L 2116 . 2118 — cprrespondencgs of reported bands with thg compute_d freqyen-
e ‘ : - i : i i ‘ i cies are noted in the tables, but do not merit further discussion.

_ ' The Fe-O stretches and bends, however, are relatively secure.

Figure 3. Correlation plot for Badger’s rulé* Req = Dreo+ Crec Detailed Raman investigations have been carried out with the

(LK) best fit valuesDre o= —2.462,Cre0 = 1.636,R = 0.9838. aid of oriented single crystals, including the cesium sulfate and

selenate alums of Fet)s>",23 and Sik?~ and TiR?~ salts of

(=]
S
I
A Y
=]
1

Fe-O distance A

type, especially under the influence of the PCM, which induces

2+ 24 i
large differences among the tilt and rotation coordinates of the F&(FkO)e"".** Replacement of O with DO was used to
water molecules (Table 2). distinguish Fe-O vibrations from water modes. Infrared spectra

The Fe-O stretches fall in the 368500 cn?! region. They have tg)een reported fog +p_o|ycryst_a||_ir21e sazr?ples Of il
shift up significantly when the PCM is applied, reflecting the &Ums°and of Fe(HO)" in the Sifs™2 salt® IR assignments
contraction of the FeO bonds (Tables 1 and 2) and the were based org)/tsrend§ among h‘?xa"’.‘q“‘) lons andl, fo&%’
accompanying increase in the force constants (Table 6). TheyOn Mmeasured®>Cr isotope shifts in the isotopic chromium
are higher for Fe(bD)+ than for Fe(HO)2*, as expected.  &lum . _ _
The six Fe-O stretching coordinates of an FgOctahedron ‘The assigned FeO stretching bands are in reasonable accord
are grouped into three modes, of AE;, and To, symmetry. with the DFT predictions. For Fe(dE_I))G2+ the agreement is
The degeneracies are maintained inThab initio structure of within 10—20 cnr. Hc_)wever, the discrepancies increase for
Fe(H0)s3*, for which the computed frequencies are 449, 360, Fe(HO)e*": the experimental values are 205 cnm* higher
and 434 cml, respectively. The PCM shifts all of these than the computed values (PCM). (We assign the reported IR
frequencies up by-40 cnt! and splits the T mode into A _bands_ to thevs component W|t_h the highest cc_)mputed _IR
and E components, with a 17 cm splitting (due to the tilting ~ intensity.) For the ©Fe—0O bending modes, the discrepancies
and rotation of the water molecules; the magnitude of the are much larger: observed bands are-1080 cm* higher than
splitting is uncertain because of the doubtful reliability of the computed modes for both complexes (thoughvadand has
PCM-induced water tilting, but it has little consequence for the Peen reported for Fe@@)s™").
average FeO frequency, which is determined by the bond What is the source of these large discrepancies? We consid-

distance). The three inequivalent-F® bonds in Fe(k0)s2" ered the possibility of basis set dependence of the computed
remove all degeneracies, but the octahedral parentage is evidentesults, or dependence on the level of theory. However, trial
in the near coincidence of modes correlating withahd Ty calculations with extra diffuse and polarization functions on Fe,
symmetries €370 cnt1) and the much lower positions-230 0, and H produced only small changes in the mode frequencies,
cmY) of the E-derived modes. as did switching to a different density functional, B3PW91. As

The O-Fe—0 angle bending coordinates of octahedral FeO mentioned above, the issue of scaling was considered, but the
group into E, Tag T1y, and Ty modes. Again the degeneracies Fe—O scaling factors given by Pulay and co-workéhanged
are maintained in th&, structure of Fe(kHD)s**. (However the the frequencies very little. We note that Pulay and co-workers
“1” and “2” labels are lost; consequently the,bend, which obtained accurate mode frequencies for the metal acetylaceto-
is spectroscopically inactive in th®, point group, becomes  nhates, including the bending modes, so it seems unlikely that
allowed in the IR spectrum of FegB)s?t.) The bending mode ~ DFT would fail for hexaaquo complexes.
positions are all predicted to be between 90 and 200 cwith We suggest that the discrepancies are instead attributable to
somewhat higher values for Fef®l)s*>" than for Fe(HO)e?"; the effects of crystal forces on the mode frequencies, effects
application of the PCM influences the positions to a small extent. which are not included in the calculations. Although application

Although the Fe-O stretches and bends are clearly distin- of PCM to the in vacuo calculation introduces polarization
guishable from the water librational modes, there is some mixing effects representative of liquid water, the effects of directional
of the coordinates. This can be seen in the small but nonneg-H-bonds are not included. As noted above, these are clearly
ligible Fe isotope shifts calculated for the water modes (Table revealed in the alum neutron structures of F£3)3", and are
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no doubt present in Fe@®)s[SiFg] as well. These are expected
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isotope shifts into water librational modes, as well as the/

to alter the potential surface of the complexes, especially with stretches and bends. The product of all the isotope frequency

respect to the ©Fe—0O bending coordinates. The directional

ratios is the same for the two computations, as they must be

H-bonds anchor the water molecule and raise the effective force (Redlich—Teller rule).

constants for @Fe—0O bending. Although H-bonds also form

The frequency differences account for most of the discrep-

with solvent molecules, they are not rigid anchors, as they are ancy. This can be demonstrated by retaining the MUBFF isotope
in the crystals. The proposal that lattice forces elevate the frequency ratios®v/>% = 0.9943 and 0.9937 fars andv, of

bending frequencies is supported by Jenkins and Lewis’
finding?* that thevs doublet of Fe(HO)s(SiFs), seen at 210/
231 cnt! at 15 K, shifted down to 187/198 crhat 300 K. At

Fet, and 0.9937 and 0.9943 fes andv, of FE#*) and changing
the frequencies to those computed by DFT (averages of the three
T,, components; see Table 5): 475 and 180 &for vz andv,

the same time, a shift of low-frequency lattice modes signaled of Fe**, and 379 and 142 cm for v3 andv, of FE*. The result
a phase change at low temperature. We suggest that the highis oo = 1.0031. Thus 80% of the difference with respect to the
temperature phase allows greater mobility of the bound water DFT PCM treatmentd = 1.0025) is due to the difference in

molecules, as signaled by diminished—Be—0O bending
frequencies.

frequencies, while the remainder is attributable to the spreading
out of the isotope shifts. Most of the difference is actually

Although the bending modes are most sensitive to the attributable to the discrepant bending frequenay,of Fe*.

presence of directional H-bonds, it is plausible that the Ge

As discussed above the DFT-computed frequency is much lower

stretching modes are also somewhat affected, and that thethan the observed band in the alum spectrum, an effect
smaller, but still sizable discrepancies between observed andattributable to rigid H-bonds in the crystal. If all MUBFF
computed frequencies of these modes can be similarly under-frequencies are retained except faof Fe*, thena. = 1.0036.

stood. Indeed, 2630 cnt ! differences have been noted between
solution and crystalline phases of several aquo #81&pecif-
ically, a totally symmetric Fe O stretchv; has been observed
in aqueous solution for ferric complex and ferrous comfex
at 506 and 380 cnt, respectively, which substantially reduce

Thus the lowering of this one frequency moves the fractionation
factor 2/3 of the way to the DFT PCM value.

Both DFT PCM and in vacuo values are close to the
experimental value determined by Johnson étaid recently
refined by Welch et aP a. = 1.0028-1.0030 at 22°C. The

the discrepancies between the observed and the PCM-predictegresent analysis throws light on the large disagreement between

v1 modes.
Iron Isotope Fractionation Equilibrium. The possibility of

the experimentad. and the one previously computed from the
available vibrational data. The main source of this disagreement

calculating equilibrium constants for isotopic exchange reactions can be traced to the use of vibrational spectra on H-bonded

from spectroscopic data alone was first pointed out by Urey
and Rittenberd? Equilibrium isotope fractionations arise from

crystals, which gives higher Fe skeletal frequencies than are
computed ab initio, especially for bending frequencies and

the sensitivity of vibrational frequencies to atomic masses. The especially for Fe(HO)e*".

influence of vibrations on the isotopic exchange equilibrium
constantoX, between two compoundk,andl, is expressed in
terms of the vibrational partition functions for two isotopomers
aandb: In[oX] =258, — 258, wherea 23 = In[2Qyin/*Quin)]
and Quir = []iexphvi/2kT)/(1 — exp(hwi/kT)). The usual
practice, which we follow here, is to report reduced partition
function ratios, by subtracting a constant, [|{[(Pvi/a)] =
IN[(My/Mp)¥(Mp/Mg)34 from the In@Quin/°Quin) Vvalue, which
brings thes value to zero in the high-temperature limit. Feor

= 56Fe andb = %4Fe, wherem andM are the masses of Fe and
of Fe(H:0)s, this constant is 36.124 1073,

Schauble et &7 applied these equations to the computation
of 5%FeP*Fe isotope fractionation between the*Fand Fé"
hexaaquo complexes. To obtain isotope shifts, they fit an
empirical force field (modified UreyBradley, MUBFF) to the
vibrations of an M@ octahedron, using reported stretchimg) (
and bending,) frequencies (Table 5): 505 and 304 chior
Fett and 389 and 195 cm for F&#™ (the last value was not
actually observed, but came from an earlier MUBFF calculation
by Nakagawa and Shimanouéhi The resulting reduced
partition function ratios (at 22C) were®543 = 11.78x 1073
and 6.35x 1073 for Fe** and Fé*, giving an equilibrium of
isotope fractionation factom = 1.0054.

In contrast, the present DFT-derived isotopic shifts §vé'3
= 9.30x 1072 and 6.82x 1072 for F&¢* and Fé", ando =
1.0025. (This is for the PCM model; the in vacuo numbers differ
only slightly, 56548 = 9.63 x 1073 and 6.68x 1073, ando. =
1.0030. Thus the structural distortions of the PCM model are
unimportant in this context.) How does the difference with
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