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Abstract: The uniquely well-resolved **Tc NMR spectrum of the pertechnetate ion in liquid water poses a
stringent test of the accuracy of ab initio calculations. The displacement of the °*Tc chemical shift as a
function of temperature has been measured over the range 10—45 °C for the three isotopomers Tc(*°0),™,
Tc(*%0);5(*80)~, and Tc(*60)3(*’O)~ at natural oxygen isotope abundance levels, and in addition the
temperature dependence of the Tc—O scalar coupling was determined for the Tc(*60);(*’O)~ isotopomer.
Values for these parameters were computed using relativistic spin—orbit density functional theory with an
unsolvated ion approximation and with treatments of the solvated ion based on the COnductor-like Screening
MOdel (COSMO) approach. The temperature and isotope dependence of **Tc NMR parameters inferred
by these methods were in good quantitative agreement with experimental observations. The change in the
Tc—0 bond length associated with the changes in temperatures considered here was determined to be of
the order of 104 A. Vibrational energies and Tc—O bond lengths derived from these models also compare
favorably with previous experimental studies.

1. Introduction chemical shifts due to the vanishing of both electric field
gradients and the chemical shift anisotrégymong tetravalent
metal oxides, measurable displacements of the metal chemical
shift due to oxygen isotope substitution have been reported for
55MN0,4~,3 99M0042~,3 SO, ,4 53CrO.2~ 4 and°*RuQy.® The
99Ru chemical shift in Ru@has also been found to be quite
sensitive to temperatubeDespite the cubic symmetry of RgQ
its 18°Re and'®’Re NMR line widths are too broédfor
measurement of the isotope or temperature dependence of their
chemical shifts. Both rhenium isotopes have substantially larger
guadrupolar moments th&fTc or 5Mn, and in additior?°Tc
has a larger spin angular momentum quantum numbertfaa
and'®’Re. These factors imply that the quadrupolar broadening
of the 18Re and'®Re resonances of RgOin the extreme
narrowing limit will indeed be greater than that for t¥&c or
55Mn signal in the analogous species, but the magnitude of the
difference is not completely explained by quadrupolar relaxation
lone’

Theoretical treatments have been develdpEdhat interpret

such observations in terms of thermalfer isotope-induced

An unusually detailed picture of a complex ion’s structure
and environment in liquid water can be constructed ff8ic
and 70O nuclear magnetic resonance (NMR) spectra of the
pertechnetate anion (TgQ. The®Tc nuclide’s favorable NMR
properties, which include a sizable gyromagnetic ratio (9.583
x 10° Hz/T), moderate quadrupolar mome@t£ —1.29 barns),
large spin angular momentum quantum number 9/2), and
100% isotopic abundance, combined with the cubic symmetry
of its environment in Tc®@", give rise to a strong, highly
resolved®®Tc NMR signal that is sensitive to minute perturba-
tions in the metal atom’s environment.

The sensitivity of the pertechnetate ion’s NMR parameters
is exemplified by the findings of Tarasov etlah their study
of NH4TcOq4(aq) containing artificially enriched levels of the
180 isotope. They showed that tR& ¢ spectrum consisted of
four resolved lines, which they assigned to four isotopomers of
TcO,, corresponding to the ion with zero to thrE® nuclei
replacing®®O (the isotopomer with foult®O nuclei was too rare
to be detected).

Experimental observations of ligand isotope effects of this (2) Abragam, APrinciples of Nuclear MagnetisnClarendon: Oxford, 1961.
magnitude have been limited mainly to those rare instances (3) Buckler, K. U.; Haase, A. R.; Lutz, O.; Mar, M.; Nolle, A. Z. Naturforsch.

1977, 32A 126-130.

Where a diamagnetic, NMR_ detECtable_ m?tal center OC(_:UF"eS a (4) Tarasov, V. P.; Privalov, V. I.; Buslaev, Yu. A.; Eichhoff, ZJ. Naturforsch.
site of high symmetry. Splutlon-state spﬂattlce_ (T1) relaxation ) éfgéafg‘ac_l;zégggggf-mOrg_ Chem.1983 22 532535,
times for metals in sites of perfect cubic symmetry are () Dwek, R. E.; Luz, Z.; Shporer, MI. Phys. Cheml97q 74, 2232-2233.
particularly advantageous for high-resolution measurements of (V) 5@’2‘1@8%6& jazzerett, P.; zanasi, R; Sadlej, A. J.; Fowler, MUl
(8) Jameson, C. J.; Osten, H.dJ.Am. Chem. S0d.986 108 2497-2503.

(1) Tarasov, V. P.; Privalov, V. |.; Kirakosyan, G. A.; Gorbik, A. A.; Buslaev, (9) Lounila, J.; Vaara, J.; Hiltunen, Y.; Pulkkinen, A.; Jokisaari, J.; Ala-Korpela,
Yu. A. Dokl. Akad. Nauk SSSF982 263 1416-1418. M. J. Chem. Phys1997 107, 1350-1361.
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changes in rotational and vibrational contributions to these NMR  The temperature of the sample was regulated to within 0.2 K both
properties. Because of the smallness of the energy shifts detectedemporally and spatially by directing dry nitrogen gas at a high flow

in NMR experiments, a theoretical analysis that quantitatively rate arounq the NMR tube_. Samples were allowed to gquilibrate for at
explains the experimental results requires consideration of least 30 min at the sfe_t _pomt temperature of the experiment before the
extremely subtle features of the metal complex and its interac- NM.R scanning was initiated. The gas temperature was controlled by a
tions with solvent molecules. Various solvation models have refrigerated heat exchanger (Kinetics Thermal Systems) and the NMR

. . robe’s heater. The conservative temperature range of this study was
been proposed to describe the effect of the molecular enwron-p P 9 Y

2o 4 dictated at the bottom end by the reduced solubility of pertechnetate
ment on NMR propertie¥™2* Mikkelsen et al* demonstrated  sats at low temperatures and at the top end by considerations of

with a dielectric continuum model that solvation effects are of radiological safety.

the same magnitude as rovibrational and electron correlation The %Tc NMR scans were acquired at a rate of one per second,

effects. In this article, we account for solvation by combining which ensured near-complete recovery of the magnetization between

the rovibrational treatment with a similar dielectric continuum scans for the entire temperature range investigated in this work,

model. according to past; measurement. At natural*’O abundance levels
and [TcQ™] = 20 mM, the Tcté0);(*’O)~ isotopomer’s*Tc sextet

2. Experimental Section was readily detectable after 1000 scans.

Caution. The %Tc isotope is g-emitter ¢, = 2.1 x 10° y). All 3. Computational Approach

manipulations of SO”_d_S and solutiong were performeq in a Category 2 Computational studies were performed to elucidate the effects of
_nucl_ear research facility at the P_acmc Northwes_t National Laboratory temperature and isotopic substitution on the NMR properties of
in Richland, WA. The _NMR s_,olutlons‘were held in capped PTFE/FE,P pertechnetate in terms of the rovibrational average structure of the
copo_lymer sleeves (W"ma‘?) inserted in 10 mm glqss NMR tubes, which molecule. The general theory of thermal and isotope effects has been
provided secondary containment of the radioactive liquids. discussed extensively132526
Preparation of Aqueous*Tc Standards.NH,TcO, was prepared To determine the rovibrational average value of a property, the
by oxidative dissolution ©1 g of TcQ; in 150 mL of ammonium vibrational force constants and the property derivatives need to be
hydroxide and 50 mL of hydrogen peroxide (30 wt % aqueous cajcylated. Both can be derived from calculated potential energy and
solution)?* The solid was recrystallized three times. Ultimately, 1.28  ¢orresponding property surfaces. The surfaces were calculated on a grid
g of NH,TcO, (100% theoretical yield= 1.38 g) was collected. defined in the curvilinear symmetry coordinate system described by
KTcO4 was prepared by dissolution of 2.047 g of dry NidO, in Gray and Robiett&” Most grid points were selected as outlined by
deionized water and passage of this solution through a cation exchangeraynes and co-worker&2%in their study of similar properties in the
column in the H form. The resulting HTc@was titrated with 99.999%  methane molecule. These grid points allow for the determination of
pure 1.14 M KOH, using phenolphthalein as indicator. The solids were the linear and quadratic force constants, as well as the cubic force
washed with ethanol and ether and were then recrystallized three times.constantsFi1; and Fas In our pertechnetate calculations, we have
Ultimately, 1.183 g of KTcQ (theoretical yield= 2.284 g) was defined additional two-dimensional grids to obtain the symmetry
collected. coordinate force constanEss (with S= 2a, 3x, 4x). Other combina-
Each solid was dried to constant weight. Stock solutions were made tions replacingSwith the symmetric coordinate$o23y, etc. are related
in 10 mL of D,O in volumetric glassware. The standard solutions were to the ones above by symmefi$2°The force constants and property
sequentially diluted in volumetric glassware with@to obtain a set derivatives (calculated on the same grid) were determined by fitting
of standards of varying pertechnetate concentrations. Each standard wagolynomials to the grid points of the calculated potential energy and
checked bys-liquid scintillation counting (LSC) by placing a known  property surfaces with Mathematica routiriés.
amount of solution into an Ultima Gold liquid scintillation cocktail. The rovibrational average molecular structure was calculated with
NMR Spectroscopy. Technetium-99 NMR data were collected at the AVIBR code of Lounila et a® Given the force constants,
67.565 MHz on a Tecmag Discovery spectrometer equipped with a temperature, and atomic isotopes, the AVIBR code calculates the
10-mm broadband Nalorac probe. Minor adjustments of the shims using rovibrational average molecular geometry, the deviations from the
the deuterium lock signal were performed for every sample, but after equilibrium (zero-vibration) geometry, and the average linear and
shimming, the field lock apparatus was put in a hold (unlocked) mode quadratic symmetry coordinate valuéSUand [¥[] The average
and the Z0 shim was set to the same preselected value for all samplessymmetry coordinate values and the calculated property deriveives
The uncompensated field drift for the 7.04 T magnet (Oxford Instru- were used to calculate the rovibrational average property defined in eq
ments, Inc.) used in these measurements was determined to be negligibld, with P. being the value of the property for the equilibrium geometry:
(~—4 x 10°* ppm/h).

1 3
PP, + P HzP H P, H =P H
(10) Vaara, J.; Lounila, J.; Ruud, K.; Helgaker, JJ.Chem. Phys1998§ 109, N Sl[$l 2 Slsl[ﬁ 3 Sza%a[ﬁa 2 Ssxsy[ﬁx
8388-8397.
(11) Ruden, T. A; Lutnees, Z.; Helgaker, T.; Ruud, X.Chem. Phys2003 EPS4XSAXE$421xD+ 3P%x54x[$3><s4><[| 1)
118 9572-9581.
(12) Jameson, C. J. Chem. Physl977, 66, 4977-4982.

(13) Jameson, C. J. Chem. Physl977, 66, 4983-4988.

(14) Mikkelsen, K. V.; Ruud, K.; Helgaker, T1. Comput. Chem1999 20,
1281-1291.

(15) Nymand, T. M.; Astrand, P.-E.; Mikkelsen, K. V1. Phys. Chem. B997,
101, 4105-4110.

(16) Pecul, M.; Sadlej, hem. Phys1998 234, 111-119.

(17) Autschbach, J.; Ziegler, T. Am. Chem. So2001, 123 3341-3349.

(18) Bthl, M. J. Phys. Chem. 2002 106, 10505-10509.

(19) Bthl, M.; Mauschick, F. T.Phys. Chem. Chem. Phy2002 4, 5508—
5514.

(20) Ruud, K.; Frediani, L.; Cammi, R.; Mennucci, Bi. J. Mol. Sci.2003 4,
119-134.

(21) Astrand, P.-E.; Mikkelsen, K. V.; Jgrgensen, P.; Ruud, K.; Helgakek, T.

Chem. Phys1998 108 2528-2537.
(22) Cossi, M.; Crescenzi, Q. Chem. Phys2003 118 8863-8872.
(23) Cotelle, S.; Haissinsky, MCompt. Rend1938 206, 1644.

11584 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004

All calculations on the pertechnetate molecule were carried out with
the Amsterdam Density Functional (ADF 2003.01) cété Potential

(24) Tarasov, V. P.; Privalov, V. |.; Buslaev, Yu. mokl. Akad. Nauk SSSR
1982 262 1433-1434.

(25) Buckingham, A. D.; Urland, WChem. Re. 1975 75, 113-117.

(26) Lounila, J.; Wasser, R.; Diehl, Riol. Phys.1987 62, 19—-31.

(27) Gray, D. L.; Robiette, A. GMol. Phys.1979 37, 1901-1920.

(28) Lazzeretti, P.; Zanasi, R.; Sadlej, A. J.; Raynes, WM®l. Phys.1987,
62, 605-616.

(29) Raynes, W. T.; Fowler, P. W.; Lazzeretti, P.; Zanasi, R.; GraysoMdll.
Phys.1988 64, 143-162.

(30) Mathematica version 5.0; Wolfram Research: Champaign, IL, 2003.

(31) ADF 2003.01SCM, Theoretical Chemistry, Vrije Universiteit: Amsterdam,
The Netherlands (http://www.scm.com).
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energy surface and property surfaces were calculated using density

functional theory (DFT) within the VWN local density approaéhn
some property calculations the Beck&8&nd Perdew88 (BP86)

generalized gradient approximation (GGA) were used to assess the

influence of the exchange-correlation potential on the property values.
Both scalar relativistic and spirorbit effects were included according
to the zeroth order regular approximation (ZORA) methodoR5g.

For the potential energy surface and the shielding surface the standard

ADF all-electron ZORA-optimized Slater-type orbital (STO) basis sets
TZ2P, triple< with two polarization functions, were used for both

technetium and oxygen. The TZ2P technetium basis set was augmented

with four steep & functions, while the doublé- 1s function of the
oxygen TZ2P was replaced with the tripleiaken from the standard

ZORA QZ4P basis set, as has been proposed for the calculation of

accurate scalar couplings, especially those involving heavy atofis.
The numerical integration accuracy parameter INTEGRATION was
chosen to be 7.0 throughout. The isotrofitc shielding constant
surface was calculated with the NMR progrdi with the “Best”
option selected. Thér.o spin—spin coupling surface was calculated
using the CPL prograrif,including the diamagnetic and paramagnetic
orbital terms, and gyromagnetic ratios of 6.046L0" rad T-* s* for
99Tc and—3.628 x 10" rad T s7* for 170.

The effect of the molecular environment, i.e., the solvent, on the

rovibrationally averaged properties of the pertechnetate molecule was

incorporated using the COnductor-like Screening MOdel (COS#T.
For € a value of 78.8 was used, whereas the radii defining the cavity

surface around the pertechnetate unit were taken as 1.85 for Tc and

1.55 for O and 1.40 for the spherical solvent radius.

4. Results and Discussion

Variable Temperature Studies.The temperature dependence
of the 9Tc NMR chemical shift for the TéfO),~ isotopomer
is illustrated in Figure 1. Analyses of pertechnetate solutions
made with a different concentration ([NFcO,] = 0.01 M) or
a different cation ([KTc@ = 0.1 M) revealed no differences
of statistical significance.

The variation in peak heights reflects a broadening of the
resonance as the temperature is moved above or belddv
°C. Tarasov et a&* have found that thé€°Tc T; of KTcO,

measured at 18.01 MHz passes through a maximum at ap-

proximately 320 K, which suggests that the lifetime-broadened

resonance should be narrowest at a higher temperature than wi
have observed. In our own inversion recovery experiments at

67.565 MHz, we observed a brodd plateau at temperatures
around 303-318 K for a range of Tc concentrations and for

both the potassium and ammonium salts. This is consistent with

the observation of a line width minimum at approximately 30

(32) Fonseca Guerra, C.; Snijders, J. G.; te Velde, G.; Baerends,TEedr.
Chem. Acc1998 99, 391-403.

(33) te Velde, G.; Bickelhaupt, F. M.; van Gisbergen, S. J. A.; Fonseca Guerra,
C.; Baerends, E. J.; Snijders, J. G.; Ziegler, TCdmput. Chen001, 22,
931-967.

(34) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys1989 58, 1200-1211.

(35) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

(36) (a) Perdew, J. FPhys. Re. B 1986 33, 8822-8824. (b) Perdew, J. P.
Phys. Re. B 1986 34, 7406.

(37) Van Lenthe, E.; Baerends, E. J.; Snijders, JJ.GChem. Phys1993 99,
4597-4610.

(38) Van Lenthe, E.; Ehlers, A. E.; Baerends, El. £hem. Phys1999 110,
8943-8953.

(39) Autschbach, J. A.; Ziegler, T. Chem. Phys200Q 113 936—-947.

(40) Helgaker, T.; Jaszshi, M.; Ruud, K.Chem. Re. 1999 99, 293-352.

(41) Enevoldsen, T.; Visscher, L.; Saue, T.; Jensen, H. J. A.; Oddershdde, J.
Chem. Phys200Q 112, 3493-3498.

(42) Schreckenbach, G.; Ziegler, J. Phys. Cheml1995 99, 606-611.

(43) Wolff, S. K.; Ziegler, T.J. Chem. Phys1998 109, 895-905.

(44) Klamt, A.; Schiirmann, GJ. Chem. Soc., Perkin Trans1®93 5, 799—
806.

(45) Klamt, A.J. Phys. Chem1995 99, 2224-2235.

(46) Pye, C. C.; Ziegler, TTheor. Chem. Accl999 101, 396-408.
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Figure 1. Temperature dependence of if€c NMR spectrum of a 0.1 M
NH4TcOq4(aq) solution in a 7.04 T magnetic field (°°Tc) = 67.565 MHz).

*
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99Tc NMR frequency shift (Hz)
Figure 2. Expansion of the 30C %°Tc spectrum from Figure 1, with vertical
scaling given on the right. The stars (top spectrum) denote the sextet of the

Tc(*%0)3(1’0)~ isotopomer, and the arrow (middle spectrum) identifies the
singlet of the TcY%0);(180)~ isotopomer.
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°C. A second factor that potentially contributes to the temper-

ature dependence of the line widths is thermal gradients in the
sample. At 67.565 MHz, a temperature spread of only a few

tenths of a degree can introduce significant inhomogeneous
broadening in these resonances, which have intrinsic line widths
of <5 Hz.

Isotope Effects.If it is assumed that a natural oxygen isotope

istribution is expressed in an ensemble of pertechnetate ions,
the probabilities of the three most common isotopomers,
Tc(*%0)4~, Tc(t0)3(180)~, and TctbO)3(1"0)~, will be 99.043,
0.810, and 0.159%, respectively, which implies that the
integrated intensities of th#Tc NMR signals will be in the
ratio of approximately 623:5:1. THEO and'®O isotopes have
nuclear spin quantum numbers equal to zero, and therefore, the
99Tc spectra of the TéfO),~ and Tcb0);(*0)~ isotopomers
are singlets, but since= 5/2 for 10O, the %°Tc spectrum of
Tc(*%0)3(*’0)~ consists of six lines with equal spacings and
integrated intensities. These expectations are confirmed in the
spectra of Figure 2.

It may be seen from Figure 2 th&Tc has a different isotropic
shift in the three isotopomers. The magnitude of the difference
between the resonances of ¥&f),~ and the other two
isotopomers decreases monotonically with temperature, going
from —28.9 Hz (-0.428 ppm) to—28.1 Hz (-0.416 ppm) for
(3'rc(160)3(180)* - (STc(lGO)‘( and from—16.3 Hz (-0.241 ppm) to
—13.6 Hz 0.201 ppm) fordrcesoprioy — Oteso),~ as the
temperature was raised from 10 to 4647 In experiments

(47) In the case of TéfO)s(*70), the%°Tc resonance frequency was extracted
by averaging the positions of the six lines in its spectrum.

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11585
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Table 1. Comparison of Experimental®® and Calculated Vibrational
Transition Energies (cm™1)
mode experiment gas phase COSMO
v1(A1) 912 1) 942 944
va(F2) 912 4) 940 903
v2(E) 325 ¢2) 317 307
va(F2) 334 *10) 341 319

performed at a lower field(°°Tc) = 18.01 MHz), Tarasov et
al}*4 measured a displacement in tP&c chemical shift of
—0.43 ppm upon each substitution of &#®O atom with180.
They reported that this isotopic displacement did not change
with temperature, but at the lower field of their instrument the
small magnitude of the effect may not have been resolvable.
Franklin et al*® have studied pertechnetate solutions that were
artificially enriched in botht’O and80 and reported finding
that the®°Tc chemical shift was displaced by0.22 ppm upon

Table 2. Calculated %Tc Isotropic Shielding Data (ppm)

isotopomer temp (K) gas phase COSMO scaled COSMO
Tc(*60),~ 283 —1485.511 —1425.879 —1430.230
293 —1486.009 —1426.558 —1430.954
318 —1487.307 —1428.319 —1432.811
Tc("0O)4~ 283 —1484.807 —1425.086 —1429.356
293 —1485.315  —1425.776 —1430.092
318 —1486.637 —1427.565 —1432.003
Tc(*80)4~ 283 —1484.174  —1424.373 —1428.570
293 —1484.691 —1425.074 —1429.318
318 —1486.035 —1426.889 —1431.257

symmetric stretch mode, is unchanged. The fact that theis

not affected by the solvation model can be attributed to the
symmetry of this vibration. This mode maintains tetrahedral
symmetry and has no dipole or quadrupole moment that could
induce a polarization of the solvent. This is in contrast to the

each increment by one mass unit of one of the oxygens. Theother three modes, where the vibration distorts the molecule

temperature dependence of the isotropic shift or the isotopi
displacement was not discussed by them.

After Tc(*80)3(170O), the next most probable natural abun-
dance isotopomer is T¥0)x(*80),~. Although it represents
0.0025% of the total pertechnetate ion population-@r64 of
the population of TJdfO)(1’0)~, the %°Tc resonance of
Tc(*%0),(*80),~ is contained in a singlet vs the sextet of
Tc(*%0)3(170)~. The expected signal intensity of this single line
will therefore be~10% of the intensity of a single line in the
Tc(*0)3(*’O)~ multiplet, well above the detection threshold.
However, the separation between the ¥0[(*80),~ and
Tc(*%0),~ resonances will be only 57 Hz in a 7.04 T magnetic
field, which positions the TéO),(80),~ line on the shoulder
of the much larger TéfO),™ line. Observation of such a signal
would be problematic at 67.565 MHz, but in a higher field
magnet, the chemical shift difference should be sufficient to
detect and separate the signals of the two isotopomers.

The Tc-O scalar coupling was determined from the
Tc(*%0)3(170)~ sextet by measuring the separation between the
outermost lines and dividing by 5. The measuigg was found
to decline monotonically with temperature, from 132.5 Hz at
10 °C to 131.9 Hz at 45C. Values of 131.6 H? and 133.3
Hz! have previously been obtained from the ten-liH®©
multiplet of NH;TcOy solutions (with ref 49 and withobtt’O
enrichment), in which thé’O line widths were found to be a
factor of 6 or greater than ti¥€Tc line widths of Tc{®0)3(1"0)-,
while a value of 131.4 Hz was determined at Z5 from the
99T¢ spectrum of’O-enriched KTcQ.48

Computations. The computational approach outlined in the
Computational Approach section was evaluated by calculating

cand the resulting dipole and quadrupole moment induce a

polarization of the solvent. A more detailed discussion can be
found in a review article by Tomasi and Persicand references
therein.

The bond lengths obtained in the calculations are 1.717 A
for the free pertechnetate and 1.714 A for the solvated molecule,
which are in good agreement with the value of 1.711 A obtained
from single-crystal X-ray measuremef{s$3

Inclusion of rovibrational contributions, which include both
zero-point and finite temperature contributions, is found to
increase the computed average bond length by 6:0005 A
relative to the ground-state geometry, depending on the model.
This bond length increase is accompanied by changes in the
99Tc shielding of ~—50 ppm 40 ppm for the gas-phase
model) andlrco by ~+4 Hz, or approximately 3.5% of its total
value®* The complete substitution of oxygen isotopes, going
from Tc@%0),~ to Tc(’O)s~, leads to a decrease of the
rovibrational average bond length at 283 K ok81075 A (or
twice this value when substitutilfO for 160). The isotope
effect is dominated by the symmetric stretch mode. A change
in temperature from 283 to 318 K results in an increase of the
rovibrational average bond length by 1x510~4 A. When the
various contributions to the temperature effect are analyzed, one
finds that all vibrational modes contribute to the same order of
magnitude.

Computed®Tc isotropic shielding values for a series of
temperatures and isotopomers are presented in Table 2. Through-
out this article, the definition and sign of the shielding in relation
to the chemical shift conform to the standard conventforhe
values in the scaled COSMO column were obtained by reducing
the COSMOF; force constant by 8%. This scaling lowers the

vibrational frequencies and average bond lengths for comparison, iy ational moder; such that it is degenerate withs, as

with published experimental data. Table 1 shows that the
calculated vibrational results are in good agreement with
experimental data. The observed near-degeneracy of; ted

vz modes is reproduced by the gas-phase calculations, althoug
overall the calculated frequencies are about 30%ctno high.
When the COSMO solvation model is included in the calcula-
tion, the frequencies of thes, v,, andv, are lowered, but the

(48) Franklin, K. J.; Lock, C. J. L.; Sayer, B. G.; Schrobilgen, GJ.JAm.
Chem. Soc1982 104, 5303-5306.

(49) Buckingham, M. J.; Hawkes, G. E.; Thornback, J.Ifarg. Chim. Acta
1981 56, L41-L42.
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observed experimentally by Weinstock eb&This scaling thus

(50) Weinstock, N.; Schulze, H.; Mar, A. J. Chem. Phys1973 59, 5063—
5067.

)
P}51) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094.
)

(52) Krebs, B.; Hasse, K.-DActa Crystallogr.1976 B32 1334-1337.
(53) Faggiani, R.; Lock, C. J. L.; Pocé. Acta Crystallogr.198Q B36, 231—
233

(54) The various contributions of the different terms in eq 1 for the rovibrational
averaged TéfO),~ at 283 K areP. = —1445.031 ppm{Ps, = —33.899
ppm, Pgs 0= —3.111 ppm/[Ps,.s,.[= —3.498 ppm[Pg, s, [ 5.983 ppm,
Ps, s 0= —6.020 ppm, andPs,s, 0= 0.065 ppm. Force constants and
property derivatives are provided as Supporting Information.

(55) Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Goodfellow, R.;
Granger, PPure Appl. Chem2001, 73, 1795-1818.
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T ' T ¥ T " Table 3. Oxygen Isotope Dependence of the %9Tc Isotropic
30l © Experiment | Chemical Shift (ppm): Comparison of Calculated and
— 0 Gas phase Experimental Results for TcO4~
g A COSMO -
s A Scaled COSMO single atom temp gas scaled
< 2.0 ol substitution (K) phase COSMO COSMO experiment
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Figure 3. Measured and calculated displacements of the6Dy~ are the differences in the chemical shifts of the*¥of, - and

isotopomer'”°Tc¢ isotropic chemical shift as a function of temperatuye ( Tc(*®0)3(*"1%0)" isotopomers, as given by the equation
= 0 ppm at 283 K). The line is a least-squares fit of a second-order

polynomial to the experimental date (= —19.05 ppmx; = 5.36 x 1072 AP —§ -4 _ 3
ppm/K; x; = 4.82 x 1075 ppm/K2 (R = 0.9999)). The sample was 0.1 M isotope” ' T(160),(+7:140) Te(1%0), (3)
NH4TcOs(aq).

while the theoretical data were obtained from the expression

provides insight into the effect of the symmetric stretch on the
calculated properties.

The numbers in Table 2 were obtained using LDA function-
als. To assess the influence of the exchange-correlation potentiaBoth the experimental and theoretical results therefore represent
on the property values, additional calculations were performed the®*Tc chemical shift displacement caused by the substitution

using the VWNFBP86 functional. Inclusion of the BP86 of a singlel®O atom by eithef’O or €0.
functional leads to a shift of 8 ppm. Table 3 shows that the theoretical models successfully account

A discussion of chemical shifts usua”y begins with the for the observation that the iSOtOpiC shift displacement decreases

definition of a reference molecule, b¥c presents a number ~ With increasing temperature. The predicted displacement from
of special difficulties in this regard. Although the pertechnetate the gas-phase model is between 17 and 27% less than the
anion would seem to be an obvious choice, the variability of experimental measurement over the temperature range consid-
its resonance frequency with temperature, and the Sensitivityered, and inclusion of solvent effects with Scaling reduces the
to the molecule’s structure that this implies, makes it question- discrepancy between theory and experiment to less than 10%.
able both experimentally and theoretically to base a chemical The effect of the changes in the property derivatives due to
shift scale on Tc@ . On]y a limited number of technetium- the COSMO solvation model was found to be small. The
Containing Compounds have been Studiea%‘yl none of them imprOVed agreement with eXperiment of the COSMO and scaled
entirely satisfactory as a standard. The problem of choosing aCOSMO results is predominantly due to changes in the
standard is circumvented, however, by focusing on the ther- Vibrational force constants. Lowering of especially the high

heory __ 1,
Aitsgt%rge— Z[(STc(n,ltD); - 6Tc(160)4’] (4)

mally- or isotope-inducetthangesin the pertechnetatéTc frequency vibrational modes has a considerable effect on both
chemical shift rather than the shifts with respect to a fixed the temperature- and isotope-induced chemical shift displace-
reference. The temperature dependence of°Yhe isotropic ments. Hence, hlghly accurate vibrational force constants are

chemical shift predicted by the theoretical models of Table 2 is Needed to calculate the temperature and isotopic trends observed

compared to experimental data in Figure 3. The dependentin experiment. _
variable in this plot is the displacement of the chemical shift ~ The overall accuracy of the calculated temperature and isotope

from the position of the resonance at 283 K, i.e., effects is similar to those found in earlier studies on metti&ne,
waterl®and CSe?® BuhI'® used molecular dynamics with a one-
A; = O(T) — 5(283 K) 2) dimensional symmetric stretch potential to calculate the rovi-

brational contribution in Mn®@", which is isoelectronic to
ft TcO4~. The temperature effect observed in our article is 1 order
of magnitude larger than that seen by HBuwhich is not
surprising as the bending and asymmetric stretching modes have
en neglected in the latter case.
By fixing the dielectric constant in the solvation model over
the entire temperature range, the effect of temperature on the
dsolvent and the response of the pertechnetate ion to the changed
environment are ignorel. To assess the effect of the solvent
temperature on the shielding, an additional geometry optimiza-
tion and property calculation were performed with analue
of 67.0. This change from = 78.8 approximates the change
in the dielectric constant of water when heated by’G@%7 On
the basis of these calculations, we estimate that a°G5

As this plot shows, the observed direction of the chemical shi
displacement (increasing shift with increasing temperature) is
correctly predicted by both theoretical approaches. The mag-
nitude of the displacement is underestimated by the gas-phasé)e
model, and incorporation of solvent effects is seen to improve
the correlation of theory with experimetft.The difference

between experimental and calculated results for the scale
COSMO approximation, which showed the best correlation, is
less than one-third the difference for the gas-phase model.

The effect of oxygen isotope substitution on #HEc isotropic
chemical shift is illustrated in Table 3. The experimental results

(56) The experimental shift measured for #€X),~, going from 283 to 318 K,
is 2.894 ppm. The gas-phase, COSMO, and scaled COSMO shifts are 1.796,
2.440, and 2.581 ppm, respectively. (57) Floriano, W. B.; Nascimento, M. A. Braz. J. Phys2004 34, 38—41.
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Table 4. Comparison of Calculated and Experimental %Tc—170 have also been proposed as a cause of strong temperature and
Scalar Coupling Data (Hz) isotope dependenc&$®! On the other hand, among metal-
temp (K)  gasphase* COSmo* scaled COSMO® experiment>e containing molecules in the solution state Tc@ a compara-
283 —120.286  —131.242 —130.836 132.540.2) tively rare example in which the observed sensitivity can be
293 —120235 -131.183  -130.772 132.1£0.1) mainly attributed to rovibrational corrections and effects within

318 ~120.102  —131.028  —130.615 131.940.1) the electronic ground state. Because of the need to consider the

aTheoretical results for the TEQ)s~ isotopomer? Experimental results effects of bonding and the small magnitudes of the NMR

for the Tc®0)3(1"0)" isotopomer The sign oflrco cannot be determined  energies, the theoretical analysis involves a demanding com-
from the experimental spectra. putational effort.

Although temperature changes of as little a¥Clcan cause
the pertechnetaf®Tc peak to shift by an amount exceeding its
line width, to our knowledge the observation of temperature-
induced displacements of the chemical shift and scalar coupling
has never been reported. While oxygen isotope effects have been
studied in the past with isotopically enriched samples, we have
shown that it is feasible to detect and resolve three, and perhaps
four, pertechnetate isotopomers with oxygen isotope populations
h?t natural abundance levels and to discern differences in their
. . . . esponse to changes in temperature. For thé®Dy(*’0)~
;ZﬁszZfigﬁfitoI:s e;setrri]r(r;e\r);u;'h; :gdr:sg;iii? omnlgtri:a be isotopomer, an addeq interest is the possibility of measuring
exchange-correlation functional choserci For example, for the the Te-O scalar coupling fro_m the multiplet patterii of 3¢
VWN+SP86 functional the scalar cou Iiri is red Fc)ib’ 5H spectrum. The scalar coupling has been determined from the

PINg IS reduced by 5 Mz. 175 \yR spectrum, but th&’O lines are significantly broader

absolite valls of the acalar coupling decreases with increasing! " (16°Te peaks, and hence WETc-derived value can be

considered more accurate. These findings suggest that the
%ertechnetate ion, in addition to being a useful test case for ab
initio calculations, can serve as a sensitive model probe for
solvent-ion interactions.

temperature increase of the solvent will increase the temperature
induced shift displacement by 0.1 ppm, which improves the
correspondence with experiment.

Calculated and experimental values for the—Tx scalar
coupling are compared in Table 4. In contrast to the chemical
shift, not only the temperature and isotope displacements but
also the scalar coupling constant itself can be compared to
experimental data. The scalar coupling values for the (COSMO)

smaller than those observed in experinf&m.solvation model
involving explicit water molecules could improve the overall
accuracy of both the scalar coupling value and the predicted
trend, since the direct interaction of the oxygen with the water ~ Acknowledgment. We thank Prof. D. A. Dixon (University
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5. Conclusion
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