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b),d)

First-principles[density-functional theoryDFT)] molecular-dynamic simulations of the Berry
pseudorotation mechanism in Shvere performed using the atom-centered density-matrix
propagation method. The reaction was monitored by following the chemical shieldings of the
fluorine atoms, computed on snapshots along the trajectories. In particular we compared the results
obtained using a standard functional based on the generalized gradient approximation with those
issuing from its hybrid Hartree—Fock—DFT counterpart using a number of basis sets. Our results
show that both the basis set and the functional choice rule the quality of the molecular properties
monitored as well as the trajectory over the potential-energy surface20@ American Institute

of Physics. [DOI: 10.1063/1.170701]2

I. INTRODUCTION tions established definitely activation barriers of 1(R&f.

The so-called Berry pseudorotation reactigBPR) 3:;;;0%3;&2 keal/molRef. 11e)] for vapor and liquid SE,

(Refs. 1.and Ehas beeh evokecj as the crucial gtep N Many At the same time, the BPR mechanism has been exten-
mechanisms of catalysis, even in those concerning biological.

systems. For instance, BPR is involved in the hydrolysis Oﬁlvegvzl\;?tlsgiii% Sussllrjlghfgztggggpllesinlegg?ogéf%_glm al
phosphates, amides, and esferdlso, some metal- P y ’ 4 ' '

. . These systems have been chosen as simple models to under-
phosphorane complexes of iron, cobalt, and ruthenium show .

) . stand the behavior of larger and more complex systems, con-
a catalytic behavior that depends on the structural reorgan{—

. . . ining transition metals and fluxional phosphoranes or sul-
ation of the ligands through a pseudorotation dynarhics. -2'n9 ) ) .
zad 9 ug pseu ! Y Euranes as ligand. While a large number of such studies

Moreover, the properties and the dynamics of hypervalen . L o )
prop y yp concerns the first-principle prediction of the thermochemis-

compounds, typically undergoing a BPR, gained some rel- . M5.20
evance for their potential use as energetic matefials. try of the BPR reactiof,”* some years ago Daul and

In the BPR mechanism a penta-coordinated system in éo:[\r/]vork?rf_ mvestlgat_ed thehfIUX|?n§1I _behtiwor T ?Esmtg f
trigonal bipyramid(TBP) structure undergoes a simple ex- oth a static approadfi.e., characterizing the extremants o

change of the ligand coordination sites between the axial an € potegzga_:_ﬁ nergy ?#rfab?nd Cgr—Parlnnellothmoleculart_
the equatorial positions. During this process, none of th ynamics. ese authors focused manly on the energetic

ligands leaves the coordination sphere of the central metd@}nalysm of the interconversion reaction and on the vibra-

1
atom, and the transition stat@S) is characterized by a tional Tlpegtrun‘?r.]. i h i inciol
square-based pyramidésBP geometry. Following this line, we present here a first-principle

A very simple prototype molecule that undergoes a BI:,anolecular—dynamics study of the magnetic prpperties of. SF _
is SF,.7 This molecule ha<C,, symmetry, arising from a When such a system undergoes a BPR, a simultaneous pair-

trigonal bipyramid arrangement with one vacant equatorialViSé €xchange of the axial fluorine atoms with the magneti-
site8-1° Evidences of the BPR in SFhave been experimen- cally nonequivalent equatorial ones takes place. Therefore
tally given by **F-NMR both in solutioh*~*3and in the gas the BPR reaction can be followed calculating the change in

phase'* Actually SF, is one of the smallest molecules that F nuclear magnetic shielding along the topomerization
undergoes an intramolecular rearrangement with rate corf@thway, in strict resemblance with experiments. Further-

stants accessible to NMR measureniéfit. Nevertheless, More, due to the fast exchange kinetics in, Sthe study of
also due to difficulties in the measuremerisesence of BPR for this molecule is particularly appealing for a first-

impurities 9119 pimolecular reactiond®1?) it took many principle molecular-dynamic modeling since the pseudorota-
years to experimentally assess the energy barrier value f8fon takes place in a reasonable time sdaieoseconds In

the topomerization reaction. Quite recently, NMR investiga-order to obtain a fullab initio characterization of this in-
tramolecular rearrangement, we have performed static and

dynamic simulations, using methods rooted in the density-

a) . N . — . " . H
b)gwé‘gg'tad' Napoli “Federico . functional theory (DFT).?* In this framework, the Car—

. . 3 . .
9Corresponding author. Electronic mail: baronev@unina.it Pamne”q (CP)_mEthO& is well l’_eCOQHIZEd asa powerf_ul
9Corresponding author. Electronic mail: adamo@ext.jussieu.fr tool to investigate the dynamical behavior of chemical
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systemg® This method is based on an extended Lagrangian 2
molecular-dynamics(MD) scheme, where the potential- 2 2
energy surface is evaluated at the DFT level and both the 4
electronic and nuclear degrees of freedom are propagated as
dynamical variable$® The most recent implementations of
the CP approach allow computing classical trajectories for 3
quite large systems. Next, accurate spectroscdpig., 3 3
NMR) parameters_ can be Obtame_d' as average values, USIEQB. 1. Schematic sketch and labeling scheme for the minimum-energy
selected geometries along the trajectoffes. structure and for the transition state of ,SBPR. The normal mode domi-

In the usual CP implementation, a plane-wave basis setating the BPR is also indicated.
is used, at variance with standard molecular quantum chemi-

cal approaches that employ localiz€Baussian or Slatgr . .
atomic basis, that allow for an easier and more direct interzhe 6-311@3df) basis set for the sulfur atom. The simula-

pretation in terms of classical chemical concepts. At thelions were performed at 298 and 550 K, for a total simulation

same time, the combined use of plane waves and pseudop%r-ne of 1.0 ps at 550 K and 2.0 ps at 298 K. For each

tentials in the CP approach makes the use of hybrid Hartree§imulation the starting point was the minimum structure ob-
Fock/DFT functionals practically unaffordai&Such func- tained with the corresponding functional and the same basis
tionals have been demonstrated to offer a significan§6t of MD runs. The Verlet algorithff for the integration of

improvement over conventional generalized gradient ap'Ehe dequgftllonrs: oérr]ncl)tloknsa and a “mﬂ% step (r)]f 0.25 fs ;vere
proximations (GGA), used in CP, especially for spectro- use ’hW |e_t € oefs y gcom]looha dwas_ chosen t(.)O .
scopic quantitie&’ tain the unitary transformation of the density matrix into an

For these reasons. we use in this work the atom-centereythonormal basis. The fictitious mass of the electron was set
density-matrix propagr;ltio(ADMP) method. a recent exten- t© 0-20 amu and it was scaled for core and valence electrons,
sion of the original CP approach in which the density matrix@S described in Ref. 32. The velocities of the nuclei were
is propagated together with the nuclear degrees 0§caled each five time steps to ensure a constant temperature
freedom®-32 Thus Gaussiar(or Slate} functions can be within a 5-K tolerance. The stability of the simulations was
used to form an atom-centered basis set, providing a morgonitored by chfzcking the idempotency of the density ma-
flexible tool for the study of chemical systems and aIIowingfm;( (W'th_'?]_a 1(1 o }hLeShﬁldlc?nd theRs;)-gzi\IIfed Zd'a?at'c'ty
the use of different levels of theory for electronic structure'N9€X (within a threshold, see Ref. or detals

19 ialdi i
calculations. For instance, the ADMP method allows us to, The ™F NMR shieldings were computed using the gauge

compare trajectories and properties obtained with functionalg“’atiant atomic orbital(GIAO) approacff’ and the 6-311

based on the generalized gradient approximaliGGA), ++G(2d,2p basis set on a number of snapshot extracted

which can be used in the standard CP-MD, with those comfrom the trajectories and on all the optimized structures

puted with hybrid functionals. In particular, in the present(mm'ma and saddle pointsThe F)aSIS. set. convergence with
paper we compare the performances of a GGA functionaj€sPect to the nuclear magnetic shielding calculations was

(BLYP) with those of its hybrid extensiofB3LYP) for static chepked on the'S‘F?xperlmental structu?eWI\t/h galfirlelm
calculations, generation of trajectories, and computation oP@SiS Sets, ranging from 6-31@ to aug-cc-pvQZ"™™ In
average spectroscopic parameters. T¥enuclear magnetic order to3 &btalnlgcherr_uca_l shifts consistent with experimental
shieldings(and the corresponding chemical shitt@ve been values,>* the % shielding of CFCJ was computed at the
calculated on a number of snapshots extracted from ADMPame level of theory on the optimized structure at the BLYP
trajectories. This comparison will allow us to decouple theand the B3LYP levels.

direct effect of the functional on the magnetic properties cal- K Reprezegtgt;vg snhaps_hotsf for NMR dcodmputanonls weLe
culations from the indirect, structural one. taken each 5.0 fs in the time frame needed to complete the

BPR mechanism at 550 K, for a total of 40 points for both
Il. COMPUTATIONAL DETAILS the B3LYP and the BLYP trajectories. In the case of simula-
tions at 298 K, the snapshots were extracted each 10 fs, for a

All the calculations have been carried out with the lastiotal of 200 different structures, both for B3LYP and BLYP
version of thecaussiaN package Both gradient corrected ryns.

Becke exchang® and Lee—Yang—Parr correlatidnfunc-

tionals (BLYP) and the corresponding Hartree—Fock—DFT || RESULTS AND DISCUSSION

hybrid functional[B3LYP (Ref. 36] were used. In order to , ) ,

select the most effective basis set for the MD simulations, wé Static calculatlgnsE Basis set assessment,

tested different members of the PoBi@® and correlation  STUCUre: and activation energies

consisterft! series. For each basis set we have optimized the The structure and labeling of the molecule are reported
structure of the ground stat&9 and of the transition state in Fig. 1. As mentioned in the introduction, several theoret-
(TS), computed the corresponding harmonic frequencies anital studies concerning the prediction of BPR activation en-
zero-point energie€ZPE’9), and evaluated®F-NMR shield-  ergy for the SE molecule have already been reported in
ing constants. On the basis of these results, ADMP simulaliterature}®1°In these works the joint use of several density
tions were carried out with both BLYP and B3LYP function- functionals and of medium size basis sggs313d), 6-311
als, using the 6-31G(d) basis set on the fluorine atoms and +G(d)], for the prediction of the activation enthalpg*)

I

—
-
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TABLE |. Effect of the basis set tests on the properties of .SEnergies in kcal/mol, distances in A, and
chemical shieldings in ppm. Computédr(*F 5,—*%F o) in ppm?

Basis set
(fluorine/sulphuy AH*  AG*  d(SFap)  d(SFe)  Ac(PFuFep

A 6-31Qd) 7.2 8.0 1.672 1.595 45.3
B 6-311+G(d) 8.3 9.1 1.704 1.597 56.2
C 6-31+G(d)/6-311G2d) 9.4 10.2 1.680 1.579 58.7
D 6-31+G(d)/6-311G3df) 10.3 11.1 1.673 1.572 59.9

(MDO03 basis
E 6-311+G(3df) 10.0 10.8 1.670 1.566 60.7
F cc-pvTZ 9.7 10.4 1.676 1.575 58.5
G cc-pV(T+d)Z 10.2 11.0 1.664 1.565 60.1
H cc-pV(Q+d)Z 10.1 10.9 1.666 1.564 60.9
| aug-cc-pQ+d)Z 10.1 10.9 1.668 1.563 61.6

expt.b 11.3 12.2 1.646 1.545 60.9

8B3LYP/6-311+ +G(2d,2p level of theory.
PReference 14.

governing the BPR underestimate systematicalil” by .
. . valence angles are always reproduced quite accurately. Next,
about 3 kcal/mol with respect to the experimental vaftre. : : ; .
) ) i o computation of chemical shifts show that we can obtain a
Although this shortcoming was ascribed to the limitations of . : .
very good reproduction of the experimental data by single

current density functionals, recent studies on other molecules”. )
containing SulfUf©.45 suggest that medium size conven- point B3LYP/6-311G(2d) level at the experimental geom-

. . . - etry or at all the optimized geometries showing a correct
tional basis sets are not sufficient for quantitative work. In . : .
. ) .difference between axial and equatorial SF bond lengths.
order to check this point we have performed a systematic : S
In this context, once we have demonstrated the reliabil-

:)a3|s set study, whose main results are summarlze(l;]r:jTabllg/ of a DFT approach in the study of this molecule both for
Fig. 2 energies and for spectroscopic parameter prevision, we have

selected for the ADMP simulations the combination of 6-31

As a f|rs.t point the gctlvatlon enthalpy computed at .the+G(d) and 6-311@3df) basis sets on F and S atoms, respec-
BLYP level is systematically lower by 1 kcal/mol than its .. . . ; .
. . . tively. This basis setreferred to in the following as MDQ3
B3LYP counterpart, which, in turn, reaches an asymptotic . - : -
i ..~ offers, in our opinion, the best compromise between reliabil-
value about 1 kcal/mol lower than the experimental finding.

Furthermore, only basis sets containing at least tdreed ity and computational cost.
re, only . 9 A comparison between the BLYP and the B3LYP results
onef function on sulfur provide converged structural param- . . . . .
eters and activation barriers. Moreover, the computed activaqbtalned with the MDO3 basis set is reported in Table Il.
: ' The bond distances computed at B3LYP level are closer

tion entropy(about 0.8 kcal/molis in good agreement with to the experimental values than their BLYP counterparts; the

experiment. computed angles, instead, do not show significant differences

At this level the bond lengths are slightly overestimated )
with respect to the experimental datsy about 0.02 A but between the two approaches. The computed energy barrier
i governing for the BPR processed E*=Es—Egg and

the difference between equatorial and axial SF bond length

matches very well the experimental value. At the same timezero-pomt energyZPE) corrections are in reasonable agree-

ment with the experimental values estimated from the analy-
sis of exchange broadening in the gas phd¥ NMR

_ —o—BLYP 4 . .
1" & B3LYP spectrat* As ment_loned above, the energy barrier computed
at the BLYP level is about 10%-1 kcal/mo) lower than the
Jay . . .
10- ST [ S B3LYP one since the introduction of some Hartree—Fock
ya T (HF) exchange reduces the overstabilization of symmetric
I delocalized structures characteristic of GGA functiodls.
= 94 O\O /O\O Q
SN
'-'qﬂ TABLE Il. Thermochemical parametef&cal/mo) and frequencies of the
K transition vectorgcm™1) computed for Sfusing the MDO03 basis set.
N
71 Jof a
BLYP B3LYP EXpt!
/ AH* 9.3 10.2 11.0.9
6-—% T r T r T " . T AG? 10.0 11.0 12.0.1)
A B C D E F G H | ZPEss 6.4 7.3
basis set ZPErg 6.1 7.0
vrv 137 154
FIG. 2. Energy barriers computed by the different basis sets listed in
Table VI. ®Reference 14, in brackets experimental errors.
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TABLE Ill. Harmonic frequenciegin cm™2) and(in brackets IR intensities(in km/mol) of SF, computed using
different basis sets.

B3LYP/
HF/ BLYP/ B3LYP/ B3LYP/ aug-cc-
Assignmertt 6-31Qd)° MDO03 MDO03 6-311+G(3df) pV(Q+d)Z ExptS
AL (v)) 210(2) 201(0.9) 2190.9) 2150.9) 217(0.9) 223
B, (vg) 35516) 297(8) 3339) 3359) 336(9) 353
A, (vs) 460(0) 3940) 435(0) 4390) 446(0) 414
A; (v3) 51839 44813 49919 501(18) 506(19) 475
B, (v7) 522(5) 4542) 501(0.3) 504(0.6) 5120.7) 532
A (vy) 584(2) 496(5) 5384) 5333) 5333) 558
B, (vg) 769689 675590 714647 705629 701630 730
B, (vg) 889(185) 750171 824178 824173 830(172) 867
A; (v1) 893138 787(10)) 857112 858107 864(107) 892

@Assignment following Ref. 49.
bScaled HFscaling factor 0.898values computed on MP2/6-316 geometries taken from Ref. 18.
‘Experimental values from Ref. 18.

is clear that this effect has also a relevant influence in thealues, the molecule simply vibrating around its equilibrium

computed MD trajectorieévide infra). structure. This behavior holds for both BLYP and B3LYP
The computed frequencies for the GS structure, in thdrajectories, even if the energy evolution shows, as expected,

harmonic approximation, are reported in Table IIl, togethersignificant differencegsee Fig. 8a)]. The same problems

with their assignment and the available experimental @dta. (overestimation of bond lengthsind differences between
There has been a considerable discussion concerning the

assignment of thers and vg vibrations®@141847-49n par.

ticular previous experimental works suggedBasymmetry 301
for vg and aB; symmetry forvg.2? In agreement with pre-
vious theoretical work&® we find the experimental assign- 251 R
ment of Frey® more consistent with our results, so that
and vg haveB; and B, symmetry, respectively. The vibra- 204
tional frequencies obtained with the B3LYP and BLYP func- g
tionals using the MDO03, 6-31G(3df), and aug-cc-p\Q E 154
+d)Z basis sets are in fair agreement with the experimental @ }
data, although all the frequencies computed with the BLYP 104
functional are systematically underestimated. Nevertheless, ] \
both the B3LYP and BLYP resulténot scaled are of the s AN <A
same accuracy as previous G2 and scaled DFT redfts. 1/ N/ NS N\
0 . T - T T T . )

B. Molecular dynamics: 0 50 100 150 200 250
Structure and thermochemistry t(fs)

The ADMP simulations using the BLYP and B3LYP
functionals were carried out starting from the optimized
structure, since the same starting conditions for the two 5. BLYP
simulations allow for a more straightforward comparison be- ] ——B3LYP

tween the two dynamics. The calculated total energy of the 55
system(scaled with respect to the total energy of the starting
point) as a function of time is reported in Fig. 3 for simula-
tions at 298 and 550 K.

A survey of the plots clearly shows that the BPR takes
place only in the simulations performed at the higher tem-
perature(550 K). It is worth noting that a different initial
kinetic energy was given for the two sets of simulations: 0.5
hartree/mol for the 298-K simulation and 1.0 hartree/mol for
550 K. The simulations at 298 K were used to extract the
average structural and magnetic parameters reported ir 0 : r : . )
Tables IV and V, respectively. 0 50 100 150 200 250

From a structural point of view, we can notice that, as tfs)
expected, the average distances computed on the ADMP trgg_ 3. Total energy of Sfcalculated during the ADMP simulation at 298
jectories are quite closéwithin 0.01 A) to the optimized K [(a), top] and 550 K[(b), bottorr. Full line: B3LYP; dotted line: BLYP.

E(kcal/mol)
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TABLE IV. Optimized and average structures for the grou@®) and transition stat€TS) of SF, computed
using the MDO3 basis set. Distances in A, angle in degrees.

G qCZU)
BLYP (BLYP),05 « B3LYP (B3LYP) 05 Expt?
d(S-Fa) 1.708 1.732 1.672 1.678 1.646
d(S-Feg 1.606 1.611 1.573 1.577 1.545
a(F.,SFy) 174.7 173.2 173.4
a(FeSFeg 100.6 101.1 101.3
TS(C4)
BLYP B3LYP
d(S-F.) 1.667 1.631
a(FSP)ge 83.7 83.5
a(FSP) yane 141.3 140.7

®Reference 9.

BLYP and B3LYP results discussed in the static calculationdarrier more severely than the B3LYP one, but also underes-
still hold. On the other hand, the simulations at 550 K allowtimates the curvature of the PES near the TS. Furthermore,
following the dynamics of the topomerisation. Both the from the simulation performed at 298 K, we can also notice
BLYP and B3LYP functionals predict the BPR to take place,that the molecule tends to stay near the starting energy mini-
but some differences between the two calculated trajectoriemum for a time longer at the BLYP than at the B3LYP level.
can be noticed. In particular, BLYP predicts a time scale forThis is again consistent with the flatter PES surface com-
the whole reaction shorter than its B3LYP counterparts byputed along thed; harmonic mode of the minimum-energy
about 25 fs. This is clearly shown by the calculated shieldingstructure. The overall picture is therefore completely consis-
constants along the trajectoriésee below. Furthermore, tent with the results of the ADMP simulations reported in
this is consistent with the static calculations where a higheFig. 3. More in general, we can conclude that the predictions
energy barrier is predicted at the B3LYP level with respect taconcerning both the thermochemistry and the kinetics of the
the BLYP one. reaction significantly depend on the functional used to de-

In order to better rationalize the differences in the overallscribe the PES for both static and dynamic simulations.
shape of the ADMP potential-energy profiles at 550 K, we
can make reference to the frequencies computed both for the _
minimum-energy structures and for the transition state$: NMR calculations
(Table I1l). The normal mode responsible for BR§hemati- As mentioned before, the NMR spectrum of ,Skas
cally depicted in Fig. Lis the most important. been well characterized: ‘@ chemical shift of 93.74 ppm

In the minimum-energy structure, this mode Af sym-  for the axial fluorines and of 32.84 ppm for the equatorial
metry, has a harmonic frequency of 201 and 219 tat the  ones were measured in the gas phase at 213 K, taking as
BLYP and B3LYP level, respectively. The TS is, instead, reference CFGL***
characterized by a transition vector Bf symmetry with an Early coupled-HF calculations yielded a chemical shift
imaginary frequency of 137and 154cm™! for the two difference between axial and equatorial fluorines of 64.1 and

functionals. Although these values are computed in a simplg6.5 ppm depending on gauge choice to be compared with an
harmonic approximation, they give a flavor of the curvature

of the potential-energy surfa¢dPES along the normal coor-
dinate responsible for the BPR. It is therefore noteworthyTABLE VI. Computed absolute nuclear magnetic shieldiirgppm) as a
that the BLYP functional not on|y underestimates the energyunction of the basis set. B3LYP calculations on experimental struéture.

Basis set No. basis functions *F,, %o, % ,—F,
TABLE V. °F NMR chemical shiftgin ppm with respect to CFGh com- 6-31Q0d) 79 89.9 159.7 69.8
puted using the 6-3HG(2d) basis set on ADMP trajectories generated  6-31+G(d) 99 96.7 153.1 56.4
using the MDO3 basis set. MDO3 115 93.4 154.4 61.0
6-311+G(d) 118 76.2 1375 61.3
Static GS 298-K ADMP trajectory 6-311+G(2d) 143 69.9 134.0 64.1
Geometry/ BLYP/ BLYP/ B3LYP/ BLYP/ BLYP/ B3LYP/ 6-311+ G(3df) 203 70.1 1361 66.0
propertyy  BLYP B3LYP B3LYP BLYP B3LYP B3LYP Expt’ IGLO I 123 818 1416 60.0
IGLO 1l 184 67.3 130.9 63.6
OF 4« 118.7 122.7 106.6 135.0 133.1 114.8 93.74 aug-cc-pvDZ 119 101.4 155.3 53.9
6Feq 64.7 65.2 46.7 83.7 76.9 55.8 32.84 aug-cc-pvTZ 234 80.5 141.2 60.7
O6F o 6Fq  54.0 57.5 59.9 519 56.2 59.0 60.90 aug-cc-pvVQZ 404 71.2 1355 64.3
Expt? 60.9
@Absolute shielding of reference BLYP/BLYP: 113.9 ppm; BLYP/B3LYP:
142.0 ppm; B3LYP/B3LYP: 155.5 ppm. “Reference 9.
PReferences 13 and 14. PReference 13.
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150 -

100

£
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=100~
-150 _ | . | . : ; | FIG. 4. (Colon (a) Computed'F ab-
solute shielding along the ADMP tra-
0 50 100 150 200 jectories. Average ofr(F;) and o (F,)
(a) t{fs} are reported. Full line: ADMP-B3LYP/
GIAO-B3LYP; dashed line: ADMP-
BLYP/GIAO-B3LYP; dotted line:
ADMP-BLYP/GIAO-BLYP. (b) Com-
puted®F absolute shielding along the
ADMP trajectories. Full line: ADMP-
150 - B3LYP/GIAO-B3LYP; dotted line:
ADMP-BLYP/GIAO-B3LYP. Red
] line: average of o(F) and
| o(F,) ((o1_4)); blue line: average of
100 - . | a(F,) ando(F3) ((o2_3)).
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experimental value of 60.9 ppffi.To the best of our knowl- valence double:[6-31Gd)] to a large quintuple-basis set,
edge, these are the only NMR calculations on $&blished including diffuse and polarized functiorfaug-cc-pVQ4.
insofar. From the results reported in this table, it clearly appears
The first step of our study was the assessment of théhat the 6-31%G(2d) basis set, a medium-size basis, per-
most effective basis set for NMR calculations. This point isforms a very good job, since it gives results comparable to
of particular relevance, since we have to perform a series ahose issuing from the largest basis sets with significantly
calculations of shielding tensor on a relatively large numbesshorter computer times. This basis set has been already used
of snapshots extracted from MD simulations, and therefordor NMR studies(see, for instance, Ref. hOAt the same
we seek for a reasonable compromise between basis set quiitne, the computed differences between the axial and equa-
ity and computational burden. In Table VI are reported thetorial shieldings are very close to the experimental vélast
fluorine absolute chemical shifts computed at the experimenriine of Table VI. Moreover, calculations carried out with the
tal geometry with several basis sets, ranging from a polarize@-311+G(2d) basis set and the GS geometry obtained with a
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large basis set, for example, cc4f¥d)Z, give o(*%F,)  the TS only after 15 féone equivalent signal for all F atoms
—o(*%F ¢y of 60.9 ppm, in close agreement with the experi-While a longer period is needed when using the ADMP-
mental valug60.9 ppm and the value computed on the ex- B3LYP approacHroughly 30 f3. Furthermore, at the BLYP
perimental geometry64.1 ppm at the same level of theory. level after 180 fs the BPR mechanism is complete and the
It must be also pointed out that the MDO3 basis set provide§Vo pairs of fluorine atoms already inverted, while a period
absolute chemical shifts which are significantly overesti-of aimost 200 fs is necessary at the B3LYP level. At the same

mated, while the difference is close to the experimenta'ﬁime, the Computed absolute Shle'dlng values are also S|gn|f|-

value. cantly different, as already found in the static calculations. In
The Computed Chemica' Shifts obtained both from Ca'cu.conclusion, our results show that the pl‘ediCtion of NMR

lations on the optimized structure and as average valugdroperties using a MD approach depend not only on the level

computed on snapshots taken from the 298-K MD are reof theory used for property evaluations, but also on the indi-

ported in Table V, together with the experimental ddtaet ~ rect effect of structure on the molecular property of interest,

us first analyze the results on optimized structures, in ordef€-, On the level of theory used for the scan of the PES.

to rationalize the effects of the functional on the property. By

comparing the results obtained using the BLYP geometryy. CONCLUSIONS

with those obtained using the B3LYP one we can draw two ) ) ) )

main conclusions. First there is a better agreement of the From the analysis of the simple intramolecular intercon-

B3LYP data with experiments. This is due both to geometri-V€rsion dynamics of Sfin the gas phase, we highlighted the

cal (change in structure between the optimized BLYP and©!€ that the level of theorye.g., density-functional model
B3LYP values and to directchange of functional for NMR ~ @nd basis séused in molecular-dynamics simulation has in
prediction at constant geomelrgffects. Second, and more ProPerty evaluations. In particular, using the ADMP ap-

interestingly, these two effects are of the same order of magqroach, we directly compared results obtained from trajecto-

nitude and they affect the prediction both of chemical shifts'i€S computed with a hybrid functionghere B3LYB with

of axial and equatorial fluorines, as well as their difference [N€Ir counterparts obtained using the parent GGA functional

Therefore in order to get reliable descriptions of NMR pa_(her_e BLYB. Qur results_show that in full agreemer!t with
rameters of a molecular system, both geometrical and dire&tat'(? ca}lculatlons both diredevel Of. property calculations

effects have to be taken into account, or, differently said,anq indirect(structural effects are important for a correct
both the PES and the properties should be computed at gstimate of NMR parameters. Therefore the choice of the
reliable level of theory, functional becomes crucial also for molecular-dynamics cal-

The results obtained using the snapshots extracted frc)ri;]ulations, as it is in static approaches. In this context, hybrid

the dynamics at 298 K follow the behavior found for the unctionals can play a major role, as well as dynamic ap-
static calculations, even if a slightly smaller difference in theproaches using local atom-centered basis set.

fluorine chemical shifts is found. This difference is larger for

the calculations carried out at BLYP geometries, due to thACKNOWLEDGMENTS
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