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The **F NMR chemical shieldings of solid-state alkaline-earth-metal fluorides (WF= Be, Mg, Ca, Sr,

Ba) and alkali-metal fluorides MF (M= Li, Na, K, Rb, Cs) were systematically studied by the gauge-
independent atomic orbital (GIAO) method at the level of density functional theory (DFT). The-6&t)

basis set was used for the inspected fluoride ion. The performance of the effective core potentials (ECP) of
LanL2DZ and CRENBL basis sets for metal atoms were compared to 3-21G all-electron basis set. The role
of d polarization functions for metal atoms is investigated. The results show that the clusters={FNMg
[FM4Fe]™ (M = Ca, Sr, Ba), and [FM>" (M = Li, Na, K, Rb, Cs) used to model the bulk solids are reasonable.

The electrons in the next outermost shell of metal atoms have significant influence'@ MR calculations

and should be treated as valence electrons together with the electrons in the outermost shell, while the remaining
electrons can be represented by the ECP of CRENBL basis set. When the CRENBL basis set (with ECP for
core electrons) supplemented with two sets of d polarization functions was used for the metal atoms, the
approach of locally dense basis sets can be used to successfully reprodiitfe ghielding values. Since

only the inspected resonant fluorine atom needs a high-grade all-electron basis set, it is a relatively inexpensive
means of obtaining reliable shielding properties for the inspected species. In addition, the different exchange-
correlation functional implemented in hybrid DFT method has a minor influence on the calculated shielding.
Although all the calculated results are somewhat overestimated, the correlation coefficients and the slopes of
the fitting lines between the theoretical predictions and experimental observations are close to unity, indicating
the good agreement of the theoretical results to the experimental values.

1. Introduction ship between chemical shielding and molecular structure. The
area of theoretical and computational chemistry dealing with
NMR properties is blossoming, allowing the investigations of
the influence of environment on the NMR properties of
inspected resonant nucleus from first principgtes Recently,
more and more theoretical studies’8f NMR properties have
been performed, and generally satisfactory results have been

which NMR researchers are interested is inorganic fluoride achiéved [see, for examples, refsT6]. However, most of these

acting as important catalyst and/or supported reagent. Since Studies have been concentrated on metal-free organic fluorides.

catalyst in the practical case is normally used in solid state and ' © date, only a few ab initio calculations have been carried out
its activity is closely related to its local structure, solid-state ©ON metal fluorides, owning to the greater computational chal-

NMR techniques are required in order to provide relevant lenges of metal flu.orideé?'l?Siqce metal fluorides are important
information. This is particularly important for ionic species materials in practical application, they are worth to investigate
because the change of their local structures is likely great on not only experimentally but also theoretically. In our previous
going from solid state to solution state. The development of paper, we performed an ab initio computational study on the
NMR techniques has made it possible to obtain isotropic *°F chemical shielding of alkali-metal fluorides MF (M Li,
chemical shift of compounds in solid state as well as in liquid Na, K, Rb) and obtained favorable resilti this paper, we
statel:2 A lot of solid statel®F NMR data have been reported extend our study ofF chemical shielding to a more compli-
for inorganic fluorides:2 On the other hand, theoretical and cated series: alkaline-earth-metal fluoridesNIW = Be, Mg,
computational chemistry plays an important role in understand- Ca, Sr, Ba), which has not been investigated theoretically from
ing, explaining, and predicting experimental results. A com- first principles yet.
parison between experimental and calculated data may be helpful - As there is not a good all-electron basis set for barium, the
in making correct assignments and understanding the relation-effective core potential (ECP) is applied in order to take the
whole series into account. Compared to all-electron basis set,
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By virtue of high signal sensitivity, large range of chemical
shift, and large value of spin coupling constant, fluorine is an
ideal nucleus for NMR investigation. Information concerning
local geometry, chemical environment, intermolecular bonding,
and dynamic processes of some fluorine atoms in fluorides may
be extracted fromi% NMR spectra. One kind of fluoride in
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0.6260 nm, respectively, a [FM¥g]* cluster shown in Figure

1c was employed as a model. The four nearest neighboring metal
ions coordinated to the centrat kon form a tetrahedron. The

six outer fluoride ions are arranged to surround the central F
ion in such a way that they form an octahedron. A [fM
cluster as described in our previous repavas used to model

the alkali-metal fluorides. The six metal ions around the central
F~ ion form an octahedron. The lattice parameters of MF (M
= Li, Na, K, Rb, Cs) are 0.4018, 0.4614, 0.5328, 0.5630, and
0.6010 nm, respectively.

provide better result than all-electron basis set does when 1he method employed to calculate tH& NMR chemical
nonrelativistic calculation is performed for heavy metal com- Shielding of the central fluorine atom is gauge-independent
pounds. Though ECP has been used widely for transition metal@tomic orbital (GIAOJ® as implemented in the Gaussian 98
compounds in the investigation of NMR propertfediftle packagé! Our previous resultsshowed that B3LYF**3gave
experience has been gained about alkali-metal and alkaline-Petter results than HF and was easier to converge than pure
earth-metal compounds. Does ECP (with valence basis set) workPFT method in self-consistent iteration. Therefore, B3LYP
well in describing the first two columns of the periodic table Method was utilized in this study. In addition, using the
when NMR properties are concerned? Are there any differences["CaFe| " cluster, other hybrid DFT methods (B3P&6;*
resulting from different ECPs? We will find the answer in this B3PW91{22° BILYP 232 and MPW1PW9%>%) were tested
work by exploring the influence of different basis set combina- t© Study the influence of different hybrid schemes and ap-
tions, including basis set of all-electron and basis set with ECP, proximate exchange-correlation functionals on the calculated
on the calculated'F shielding values of metal fluorides. result . . o
Additionally, the employment of ECP implies the application ~ For the B3LYP study, the following basis set combinations
of the approach of locally dense basis set. The approach ofWere used: basis fluorine atoms 6-31+G(d) and metal atoms
locally dense basis set means that the inspected resonant atord-21G; basidl, fluorine atoms 6-311G(d) and metal atoms
(and its neighboring atoms if necessary) is represented by a largd-anL2DZ (Be (10s,5p)/[3s,2p], Mg (3s,3p)/[2s,2p], Ca (8s,5p)/
number of basis functions, while the remaining atoms are [3s.3p], and Sr and Ba (8s,6p)/[3s,3p], with ECP for core
represented by smaller basis sets. This method has beerglectrons except Be); basi , except for the central fluorine
successfully used in the calculations of NMR shielding constants atom to which 6-31+G(d) was applied, LanL2DZ was used
and chemical shifts of resonant nuclei suchl#s, 5N, 170, for all other atoms (F (10s,5p)/[3s,2p] without ECP); bd¥is
and3!P in organic compounds at the levels of Hartré@ck the same as baslf , but LanL2DZ of the metal atoms was
(HF) and the second-order MgltePlesset (MP2) perturbation ~ 'eplaced by CRENBL (Li and Be (4s,4p), Na and Mg (6s,4p),
theories, respectivel/:1¢ However, organic or inorganic fluo- K and Ca (5s,4p), Rb and Sr (5s,5p), and Cs and Ba (5s,5p,4d),
rides have not yet been studied by this approach at densityWith ECP for core electrons except for Li and B&)?° basis
functional theory (DFT) level? As methods based on DFT have V. the same as basi¥ except that two sets of d polarization
shown their advantages in theoretical computations, e.g., theyfunctions were added to the valence basis sets of the metal atoms
yield close results to those of MP2 with significant reduction Other than Ba for which no polarization functions are
of CPU time, the another purpose of this work is to see whether available3**%i.e., Li and Be (4s,4p,2d), Na and Mg (6s,4p,2d),
the approach of the locally dense basis set is valid at DFT level K and Ca (5s,4p,2d), Rb and Sr (5s,5p,2d), Cs (5s,5p,6d), and
for fluorides in this work. In addition, we will discuss the effect Ba (58,5p,4d). The construction of two sets of d polarization
of different hybrid DFT methods on the calculated results. On functions from a single d function (for Rb, Sr, and Cs) was
the basis of the results of MFsome new calculations will be ~ based on the even scaling rule suggested by Frisch and

Figure 1. Cluster models of BeHa), MgF, (b), and Mk, (M = Ca,
Sr, Ba) (c) used in calculations” Fempty spheres; Rk, filled spheres.

performed for alkali-metal fluorides MF (M Li, Na, K, Rb, co-workers’* where the single exponent in the single d function

Cs). was replaced by two exponents, one twice as large and one-
half as large as the original exponent. Only basisas used

2. Computational Method for other hybrid DFT calculations of CaFFor comparison,

] o some new calculations were performed for #8€ chemical
BeF, is reported to crystallize in the structure afquartz shieldings of MF using basis IV, andV.

with space grougP3;21 at room temperatufd. The model
cluster adopted is [FBEg]®~ as shown in Figure 1a. Seven F
atoms form two slightly distorted tetrahedra sharing an apex,
and each Be atom lies near one of the centers of the tetrahedra. The calculated isotropi¢®F chemical shieldings of the
The average BeF distance is 0.1543 nm. A [FMBo]*~ cluster alkaline-earth-metal fluorides using different basis set combina-
as shown in Figure 1b was used to represent the fluoride iontions were listed in Table 1. For a consistent comparison, all
and its environment in solid-state MgRvhich has the tetragonal ~ the experimental results were taken from the most recent
rutile structure. The interionic distances were taken from its bulk measurements using magic-angle-spinning (MAS) technique at
solid with the lattice parametess= b = 0.4623 nm anat = a spinning rate of 15 kHz and converted to the absolute
0.3052 nm. The centralFion locates near the center of the shieldings by the conversion factoes, = 353 ppm® The
triangle formed by three coordinated ffgions. The line theoretical results of ref 3 were also presented in Table 1 for
connecting the centralFion and its nearest neighboring F comparison.
ion bisects the shorter edge of the triangle. This BMguster First, consider the results of MEM = Mg, Ca, Sr) obtained
is of a planar structure. The remaining eightibns are divided from basisl in the B3LYP scheme. For Cafand Srf; (see
into two groups. Each group forms a plane perpendicular to Table 1), the discrepancies of absolute shieldings between the
the plane of FMgF. For cubic MR, (M = Ca, Sr, Ba) with theoretical predictions and experimental observatiogs, are
Cak, structure type and lattice parameters 0.5463, 0.5800, andalmost the same and somewhat larger than those in the case of

3. Results and Discussion
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TABLE 1: Experimental and Calculated Values of *°F LanL2DZ basis set may make it less suitable to describe the
Chemical Shleldlng of Alkaline-Earth-Metal Fluorides interactions between Mg and F*’ as pointed out by Schreck-
(ppm)? enbach and Ziegler in the study of the frozen-core approxima-
a-Bek MgF, Cak, Stk Bak tion3* A basis set of Mg in which ECP represents two 1s
Exp? electrons only may be helpful for improving the results. To
Oexp 382 295 272 200 verify this point, we tried the basis set CRENBL that satisfies
Basisl this requirement. Using CRENBL instead of LanL2DZ in basis
Ocal 383 390 354 332 [l (i.e., basidV), we obtain asgiir = 26 ppm for Mgk, which
Ot 8 59 60 is a better thawgir = 43 ppm that produced by bagls . This
Basisll indicates the importance of the definition of the core electron
Ocal 381 415 352 336 306 number. On the other hand, both the results of Catd Srk;
O 33 57 64 106 from basislV are close to those from badl$ , demonstrating
BasislI| little influence of basis set variation. Interestingly, the calculated
Ocal 387 425 345 327 294 result of Bak; is remarkably improved (decrease by 73 ppm
Ot 43 50 55 94 compared to basil ) and thus in the best agreement with the
BasislV experimental value among the alkaline-earth-metal fluorides.
Ocal 383 408 346 336 221

What is the reason?

Ot 26 51 64 21 o .
BasisV After examining the dlfference_ between the components of
e 380 392 303 299 201 the LanL2DZ and CRENBL basis sets of these metal atoms,
Ot 10 8 27 21 we supposed that the d functions in the CRENBL basis set of
ref 3 Ba may play an important role in improving the calculated
Geal 411 310 - 206 results. On the basis of this assumption, a Huzinaga single d
Oiff 29 15 - 6 polarization function was added to the valence basis set of Ca

! ) 9 o ;
a See text for the definition of the basis sets and the clusters used toIn basislV. The calc_:ulated v sh|eld|ng C.)f C.aE'S 346 ppm._
model bulk solid. Note that basis used for BaFis the same as basis It Seems that d function makes little contribution to the shielding.

IV. 0car and oeyp represent the calculated and experimental absolute However, by adding two sets of Pople d polarization functions
shieldings, respectively. The experimental values have been convertedto the valence basis set of Ca (bagjs the 1F shielding value

to absolute shieldings by using the conversion factgf, = 353 ppm. becomes 303 ppm, which is only 8 ppm larger than the
Odiff = Ocal — Oexp experimental observation and much less than the 346 ppm of
basislV. The ogitt value of Mgk is also reduced to 10 ppm
when basi¥/ is employed. The larger reduction of the calculated
shielding of Cak than that of Mgk implies the greater effect

of d functions on the heavier metal atom. As there are no Pople
double d polarization functions available for Sr, we constructed

Because_ no 3'216. bas!s set exists f(_)r Ba,_ bdal_suzvas two sets of d polarization functions from the exponent of
employed in order to investigate the chemical shieldings of the Huzinaga d polarization functic.The result was remarkably

whole series. The results show that there are only minor changesim roved as well. All these results illustrate the importance of
in the absolute shieldings of Ca&nd Srk (change by-2 and P ) P

£ o respectvely. T s ht e Lark 202 basis s, UHELO i propr pvesentations of e e e
(valence basis set with ECP) for Ca and Sr is comparable to functions are desired for the.metal atoms to descrige the NMR
the 3-21G all-electron basis set in the study'#¥ chemical

shieldings of CaFand Srk. However, the discrepancy of MgF properties of Mz and MF (see following discussion) accurately.
) T iy Naturally, f functions may be helpful for further improvement

between the calculated absolute shielding and experlmentalOf the theoretical results of Bafs well as Stk

measurement becomes large although its value (33 ppm) is still a ’

alkali-metal fluoride& (59 and 60 ppm, respectively, compared
to 30—50 ppm of MF). For Mgk, the oy value is only 8 ppm,
indicating a good agreement of the calculated absolute shielding
to the experimental observation.

smaller than those of Cafand Srf;. Moreover, the result of To investigate whether d polarization functions have the same
BaF; is quite poor: theogs value is more than 100 ppm, a  €ffect on the other basis sets, the same sets of d polarization
53% overestimate of the shielding. functions were added to the 3-21G and LanL2DZ basis sets of

If the larger basis set, 6-3315(d), for all the next-nearest F Mg and Ca in basis andlll , respectively. The results show a
atoms was replaced by a smaller one, LanL2DZ, i.e., Hsis ~ Similar effect as those in basis The calculated shieldings are
is used, the variation dfF absolute shieldings from baslsis 299 and 302 ppm for CaFand 384 and 416 ppm for MgF
in the range of 712 ppm. Except for Mg the results from respectively. The larger shielding of Mgffom LanL2DZ (416

basislll are even slightly better than those from balis ppm) results.from the fewer vaIenpe electrons described by the
Therefore, the grade of the basis set for the next-nearest fluoridevalence basis set, as we have discussed above. These results
ions can be lowered from 6-3315(d) to LanL2DZ with little demonstrate that the influence of the augmented d polarization

loss of accuracy. For the sake of time saving, the smaller basisfunctions is independent of the basis set used. Moreover, they

set, LanL2DZ, was used for outer fluorine atoms in the IMply that an appropriate description of valence atomic orbits

following study. is very important for the atoms nearest to the inspected resonant
Compared to the results of MgFrom basisl, the results nucleus.

from basisll andlll became poor. Undoubtedly, this is due to The other accessible basis sets with ECP representing 46 core

the LanL2DZ basis set of Mg. Analyzing the LanL2DZ basis electrons of Ba: Hay-Wadt MBn(+ 1) ECP3* Hay-Wadt VDZ

set carefully, we found that only the two outermost electrons (n + 1) ECP3® and Stuttgart RSC EC¥,were also examined

of Mg atom are treated as valence electrons while the remainingwhen the basis sets of fluorine atoms were kept unchanged (i.e.,

10 electrons in inner shells are described by ECP. However, in the frame of basi$V). The results show that the basis set

there are 10 valence electrons beyond ECP for the other alkaline-with Stuttgart RSC ECP tends to underestimate the shielding

earth-metal atoms. Fewer valence electrons for Mg in the (oca = 152 ppm), while the other two basis sets yield the same
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result as the LanL2DZ basis set does. Therefore, the CRENBL 1 7’
basis set produces the most reasonable result fop BaifRg 4“0 %
the present model under our consideration. a0} e /_',-’
As we have shown, d polarization functions play a significant 4+ T o

role in properly describing the valence wave functions of the g ¥0r
metal atoms. Does it hold for fluorine atom? In the frame of § 3f
basisV, when the number of d polarization functions in the g 340
basis set of the central fluorine atom is either zero or two (6- & 30 i
311+G and 6-31+G(2d), respectively), the calculated shielding § 0r-  _ -7
of Cak, is 303 ppm, the same as that of bagislt means that 3 280 -,./" -
the role of the d polarization functions of fluorine atoms can § 260 |- -7 .

. . . . . O I o, - basis Ili
be left out in our calculations. In fact, diffuse function is more 0} - .0- - basis IV
important for a correct description of the central fluorine atom. 220, < .. #-- basisV
Using 6-311G(d) instead of 6-3315(d) for the central fluorine wf’ —m— EXP
atom, the calculated shielding increases to 328 ppm. However, 15 k£ TP DU P B W

the calculated shielding of the central fluorine atom is the same 180 200 220 240 260 280 300 320 340 360 380

when the diffuse function was added to the LanL2DZ basis set Experimental value (ppm)
of the outer fluorine atoms. These reveal that only the central Figure 2. Comparison between theoretical and experimental results
fluorine atom requires a high-grade basis set and that the Of 9F chemical shielding for alkaline-earth-metal fluorides. The symbols

. : e : indicate the experimental or theoretical values, and the lines represent
LanL2D_Z basis set is quallfled_fo_r outer fluorine atoms,_as _has the linear fitting of the data.
been validated by the small variation of the calculated shieldings

from basisl| to Il . chemical bond. It depends strongly on the involvement of
By now, we have not mentioned the results of BeFo the valence s orbitals of the inspected atom in bonding to the heavy

best of our knowledge, né°F NMR experimental data for  atom.

crystalline Bel; have been reported. Therefore, comparison can  The relationships between the theoretical and experimental

only be carried out among the theoretical results obtained from chemical shieldings can be seen easily from Figure 2, where

the different basis set combinations. Apparently, these resultsthe three sets of theoretical values obtained using Ibstsv/

are close to each other (see Table 1). This is easy to understandare linearly fitted to the experimental values. The linear

As we have discussed above, the qualities of the different basisregression equations can be expressed as

set combinations mainly depend on the different settings of the

number of electrons described by the valence basis sets (all BasislIl : Oca = 0.730,,+ 138.4 (1)
electron, 2 or 10) and the number of d polarization functions in Basis|V : —

; asislV: =11%,,,+ 9.7 2
the valence basis sets (0 or 2) of the metal atoms. Fop, BdiF Teal exp @)
the calculations are actually all-electron ones, and the d BasisV: Oca = 0.9, + 37.5 (3)

polarization functions have little influence on the calculated
r_esults of fluorides (_:on_taining the metal atc_)m_s belonging t_o the The experimental line in Figure 2, EXPoca = Oexpy 1S
first row of the periodic table (see also LiF in the following  represented by solid line. The correlation coefficients for eqs
section). 1-3 are 0.982, 0.984, and 0.995, respectively. They are all close
Considering all basis set combinations investigated, our resultsto unity. The correlatior! coefficient can be taken as an index
indicate that the approach of the locally dense basis set isto characterize the quality of the calculated restifEhe near
suitable for the study of alkaline-earth-metal fluorides, i.e., one unity values indicate good correlativities between the theoretical
can use an appropriate large basis set for the fluorine atom of2nd experimental results. On the other hand, the slopes of the
which the chemical shielding is investigated, while lowering fitting lines change from one case to another (0.73, 1.13, and
the requirement for the basis sets describing the surrounding®-93; respectively). The closer to unity itis, the better the parallel
atoms. The basis set representing core electrons by ECP is 4elationship is between the fitting line and the experimental line,

good choice for metal atoms. Besides saving CPU time, it I.e., the more similar the variation trend is between the fitting

supplements the shortage of good all-electron basis sets forsh|eld|ngs and the experimental measurements. Obviously, basis

heavier metal atoms and can be used in nonrelativistic calcula—V gives the best results whether_Ju_dge_d from the correl_at|on
. . . coefficients or the slopes of the fitting lines. On the basis of
tions. However, care must be taken in determining the core

o the good correlativity of our results, th# NMR experimental
electr_on _number._On the other hand, adqmonal proper sets of dShielding of crystalline Befpredicted from eq 3 approximates
polarization functions to the valence basis sets can improve the

| | he fi . A . 368 ppm. It is 14 ppm smaller than the experimental value of
results notably. Among the five basis set combinations inves- \,oe. “similar to the relationship between LiF and NaF. This

tigated, basisV gives the closest calculated results to the ,reqiction value needs experimental verification in future.
experimental measurements. Concerning the complexity in " Recently, Bureau et al. presented an empirical calculation of
theoretical treatments of fluorine as well as heavy metal atoms, 19 chemical shieldings of a large number of inorganic fluorides
the calculated results from basis are quite acceptable. The pased on Ramsey’s theory usingviain molecular orbitals.
larger deviations between the theoretical and experimental |n their calculations, thé°F chemical shielding was calculated
shieldings for Sri-and Bak; may be partly due to spinorbit as a summation of contributions over its surrounding cation
coupling. The effects of spinorbit coupling on NMR properties  neighbors, and some parameters used were determined by fitting
are supposed to become pronounced for light atoms bondedto the experimental measurements. Their results for alkaline-
directly to heavy atom$33738 |n such a case, spirorbit earth-metal fluorides were listed in Table 1. The comparison
coupling on heavy atom is transferred to light atom through shows that our results from basisare slightly better than those
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TABLE 2: Experimental and Calculated Values of *°F polarization functions cause almost no change in calculated
Chemical Shielding of Alkali-Metal Fluorides (ppm)? shielding @ca only increases by 1 ppm). Similar result can be
LiF NaF KF RbF CsF predicted for Bal: Like MF,, basisV gives the best individual
Exp? results and a correct overall pattern.
Oexp 390 410 318 276 195 Table 2 also includes the theoretical results from two recent
Basis| reports. In the ab initio calculations reported by Mortimer and
Gcal 433 446 364 309 236 co-workers! the metal ions were replaced by protons with
Ot 43 36 46 33 41 valence orbitals corresponding to those of the metal atoms, and
BasislV the fluorine was described by 6-3£6(3d). Obviously, their
Ocal 405 442 359 316 195 ogif values are quite large for the heavier metal fluorides. The
Tt 15 32 41 40 0 shielding value of CsF is overestimated by more than 80%. The
BasisV absolute values oy in the empirical calculations are close
Ocal 405 437 327 284 196 to our results using basié.2 However, if the sign ofogi is
it 15 27 9 8 1 concerned, a clear difference exists: our results are all over-
ref 3 estimated, while there is not a definite regularity for the
Ocal 411 395 303 269 214 calculated results of ref 3 (and ref 7). Similar to the case of ref
Ot 21 -15 —-15 -7 19 7, the calculated shielding of LiF in ref 3 is greater than that of
ref 7 NaF, which is contrary to the pattern of the shieldings
Ocal 422 396 380 393 359 determined experimentally.
Ot 32 —-14 62 117 164

We have pointed out that the failure of ref 7 may be mainly

a2 All symbols and definitions are the same as those in Table 1. caused by the neglect of the core electrons of the metal doms,

i.e., by taking only one electron into account for the metal atoms.

in ref 3 except for Bag: Taking into account that their results  Our current work on MgfFhas shown that the electrons in the
were obtained by a rather crude method, the agreement is quitenext outer shell of the Mg atoms should be treated as valence
satisfactory. Although ab initio method is more time-consuming electrons together with the outermost electrons. This can be
compared to empirical method, it avoids the introduction of further proved by LiF. In basi¥, if the two 1s electrons of Li
some artificial factors and the dependence on empirical param-are represented by ECP, the calculated shielding of LiF is 470
eters. Considering the model used in ref 3, it would be interesting ppm, significantly larger than 405 ppm when the 1s electrons
to see if the nearest cations are enough to account fol’fhe  are handled as valence electrons. Therefore, the metal ions
NMR shielding in our calculations. Replacing [Fig]*~ and cannot be simply replaced by protons with valence orbitals
[FCasFe]* by [FMgs]>" and [FCa] ™, respectively, the results  representing the metal atoms. Now a new question arises: is
from basisV are 443 and 353 ppm. They are about 50 ppm  the shielding property dF only related to the electrons in the
larger than those obtained from the bigger clusters. This two outermost shells of the metal atoms besides the contributions
illustrates that the [FMg>" and [FCa]"* clusters are too small  from the fluorine atom itself? Using Ndons instead of protons
to be used for proper descriptions of the shielding properties of to replace the metal ions according to the method of ref 7
central F ions in our calculations. Therefore, unlike ref 3, the (actually there are two more valence electrons than the expected
contributions to the NMR shielding of the centrat fon from number: nine), we obtained 332, 275, and 261 ppm for KF,
the farther anions besides the nearest neighbor cations need t®bF, and CsF, respectively, by basisvithout ECP. The former
be considered to get better theoretical results with presenttwo values are close to those obtained using bésisth ECP,
method. which implies that the contribution to théF shielding from

On the basis of the above discussion, we used badis the core electrons of the metal atoms is minor. However, the
calculate’® NMR shieldings of Caf-by other hybrid DFT  |atter shielding value is remarkably different from 196 ppm
methods. The calculated values using B3PW91, B3P86, B1LYP, obtained using basi¥ with ECP. This may be due to the
and MPW1PW91 are 304, 306, 307, and 310 ppm, respectively.relativistic effects of the heavy metal atom Cs which was
These results are at the same level of accuracy as that obtainedompletely ignored when ECP was omitted. Therefore, ECP
by B3LYP. Itimplies that the selection of exchange-correlation needs to be taken into acoount for heavy atoms although their
functional is not crucial in the hybrid DFT scheme in this study. core electrons may have little contribution to #5€ shielding.

Now consider the alkali-metal fluorides. The calculated and  Figure 3 illustrates the linear fitting of the calculated
observed'F chemical shieldings of the alkali-metal fluorides shieldings of the alkali-metal fluorides to the experimental
are summarized in Table 2. Although tbgr values of basi$ shieldings. The experimental line is included as well. The linear
are somewhat large, they are close to each other within theregression equations are as follows:
series. Therefore, when relative chemical shifts are considered
in this series, the results are acceptable. For example, taking Basisl: Oca= 1.0y, + 39.6 4)
KF as a reference, the maximum deviation of the theoretical

shift from the measured one is only 13 ppm. For NaF, KF, and BasisV: Ocq = 1.1Wy, — 20.4 ®)
RbF, the calculated results obtained from bdgisare close to Ref 3: 6...=0.94 4+ 205 (6)
those obtained from basis For LiF, the calculated result cal exp

obtained from basi$V is much better than that from badis Ref 7: Ocar = 0.27,, + 316.5 )

The reason is still unclear. Excluding LiF for which the d

polarization functions of the Li atoms show no effect on the The correlation coefficients of eqs# are 0.998, 0.999, 0.979,
calculated result, the addition of two sets of d polarization and 0.876, respectively. The corresponding slopes are 1.00, 1.10,
functions to the valence basis sets of the metal atoms analo-0.94, and 0.23, respectively. The correlation coefficients and
gously improves the results of badié as in the case of alkaline-  slopes of the fitting lines based on our calculated results are
earth-metal fluorides. As the CRENBL basis set of Cs already close to unity, indicating the good linear relationships between
has four sets of d functions, the additional two sets of d the theoretical predictions and experimental observations.
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! ) treated as valence electroftsThe d polarization functions of
480 - -7 the metal atoms can significantly i th Iculated It
[ £ gnificantly improve the calculated results

m ¥ 38 no matter an all-electron basis set or a basis set with ECP is
00 3 $° used. At least two sets of d functions are desired for the valence
Tk Tyt NS s basis sets of the metal atoms to describe the phase space
SR S ’ occupied by the valence electrons properly. Satisfying the above
% b conditions, the CRENBL valence basis set augmented with two
2 ok appropriate sets of d polarization functions plus ECP can well
g 300 |- describe the alkaline-earth-metal and alkali-metal atoms nearest
5 w0 f v to the inspected fluorine nucleus. Using basjshe predictions
3 200} ‘ —-A~- hasis | of the®F NMR chemical shieldings of alkaline-earth-metal and
S a0 - ®-- basisV alkali-metal fluorides are satisfactory. The discrepancy of
220 —a&— EXP absolute shieldings between the theoretical calculations and
200 = -®--Ref.3 experimental measurements are less than 30 ppm and may be
180 - Ref. 6

partly caused by spinorbit coupling in heavy metal fluorides.
Good linear relationships exist between the theoretical and
experimental results. In addition, tH&F NMR shielding of

) ) ] ) crystalline Bek was predicted to be roughly 368 ppm. This

Figure 3. Comparison between theoretical and experimental results study will shed light on the future investigations of other
o X o y . _ _

_of BF chemical s_hleldlng for alka!l metal fluorides. The symbols complicated metal fluorides.

indicate the experimental or theoretical values, and the lines represent

the linear fitting of the data.

P} SEPU EU PR RPN RS S SETU P RPN RS SR S R
180 200 220 240 260 280 300 320 340 360 380 400 420

Experimental value (ppm)
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