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Our recently developed method for the calculation of indirect nuclear spin—spin coupling constants
is studied in more detail. For the couplings between nuclei other than N, O, amdi¢h have lone

pairs the method yields very reliable results. The results'8¢6i—H) couplings are presented and
their dependence on the basis set quality is analyzed. Al&d,-H) and*J(X—H) couplings(X=C,

Si, Ge, Shin XH, molecules are presented and the relativistic effectdJ¢—H) are discussed.

The limitations of the method, which is based on density functional theory, are connected with the
inability of the present LDA and GGA exchange-correlation functionals to describe properly the
spin-perturbationghrough the Fermi-contact mechanisom atoms to the right of the periodic table
(containing lone pais However, the deviations from experiment of the calculated couplings for
such nuclei are systematic, at least for one-bond couplings, and therefore these calculated couplings
should still be useful for NMR structure determinations. 1©®96 American Institute of Physics.
[S0021-960626)03942-9

INTRODUCTION nism) for molecules containing these atorflging at the
right of the Periodic Table and containing lone pairs
However, even at its present stage of development, our

. . ) approach gives quite systematic results for couplings with
constants using density functional thedfyFT). For a test such nuclei. For the couplings between nuclei of atoms with-

tsr?t of n;otlﬁcules tTiSd apl)pr(t)ach p[ﬁd(ljJCfS rHesﬂts:ngood @3t lone pairs our method vyields very reliable results for a
Coze 0 I'e cou_[?he t;us ?r me Ot t_or I_ff?(,)ﬁo_th: anq/vide range of compounds and nuclei. As a demonstration,
— '~ COUpTings with moderate computational & FIIS  the results forJ(Si—H) couplings in a set of molecules and

reason, this approach is already b_emg z_apphed b)_/ sever%r 23)(H=H) and 1J(H-X) couplings(X=C, Si, Ge, Shin
groups fg;_g“?gy tgfﬁs tOf cloulpllngs In ? t\;]a”?_':y HOf XH, molecules are presented and their dependence on the
compounds. € ability to calculate properly theé H-H, 1,,qjs get quality is analyzed. These results are compared with
H-C, ar_1d c-C pouphng_s covers most of the needs of Sp&pse of the random phase approximati@PA) and the
C'a“St.S In organic ch.emlstry. and' blochemlst(rgxcept.for multiconfigurational linear response methdtiee latter with
very important couplings with nitrogen However, since complete (CAS) and restricted active spacéRAS)]. The

some Of, the st'udle's cited abov'e already include other typei?nportance of relativistic effects for the proper calculation of
of couplings(with Li, B, N, P) with reasonable success, we spin—spin couplings is discussed

thought it appropriate to provide further insight into the
progress and the problems associated with such calculations.

In this paper, we examine further the performance of ouCOMPUTATIONAL DETAILS
methodology on a variety of molecules and nuclei, and We  The method for the calculation of the NMR spin—spin
pr_esent an analysis of the different contributions t_o the COUzoupling constants has been described in detail previbiisly
pling constants as functions of the bond lengths in CO andng therefore it is outlined below only very briefly. There are
N,. We will show that the limitations of the method are ¢, main contributions: the Fermi contatiC), the para-
connected with the inability of the present LD#ocal den- magnetic spin—orbitPSO, the spin—dipola(SD), and the
sity approximation and GGA(general gradient approxima- jiamagnetic spin—orbiDSO) contributions. The Fermi con-
tion) exchange-correlation functionals to describe properly,qt term is usually the most important of these and also the
the spin perturbationsthrough the Fermi-contact mecha- ot sensitive to the geometry. It arises from the interaction
between the two nuclei through spin polarization of the elec-
dAuthor to whom correspondence should be addressed. tronic system(even if formally one is treating a closed-shell

In our previous papéme introduced a new approach for
the calculation of NMR indirect nuclear spin—spin coupling
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system. To calculate the FC contribution we use finite per-sented in Fig. 3, where other exchange-correlation function-

turbation theory'° These calculations require high quality als implemented in the deMon code were tested: the Vosko,

basis sets, enlarged grids for numerical integratapproxi- ~ Wilk, and Nusair exchange-correlation functiofgWN),°

mately twice as large as for the PSO and DSO contributionsBecke exchang@with Perdew correlation function&l(BP),

and the “spin-unrestricted” approach which normally is ap- and the newer Perdew and Wang exchange-correlation func-

plied for open shell systents’ Therefore, in the present re- tional (PW91).%! See Refs. 1 and 3 for further computational

alization, the calculation of the FC contribution is the mostdetails. Unless otherwise indicated, the basis set Blll of Kut-

time-consuming part of the whole calculati¢gince we ne- zelnigget al!? (also known as IGLO-I) was used. In addi-

glect the SD contribution tion to the basis set Blll, we also used a large fully uncon-
The second most important contribution, the PSO termiracted basis sets of Partridge/P)*? with four additional

is calculated using the sum-over-states density functiongpolarization functiongfor H, C, N, F, and Siand diffuse

perturbation theory(SOS-DFPT method®!! This step is functions (for Ge and Sh (16s0pOd)+4p for H,

very similar to the SOS-DFPT procedure for the NMR (18s13p0d)+4d for C,N,F; (2G1500d)+4d for Si;

chemical shift calculation but with the common gauge origin(21s16p10d) +spd for Ge and (2619p13d) +spd for Sn.

for all MOs at the position of the nucleus selected as the A FINE grid with 32 (for the calculation of the PSO and

center of perturbatiorifor chemical shift calculations, we DSO contributionsand 64(for the FC term points of radial

usually use the IGLO choice of gauge oridifis3. Using quadratur& was employed. We used the experimental mo-

SOS-DFPT one has to perform a “spin-restricted” calcula-lecular geometrie$!

tion for the ground state only once and then calculate the

PSO term with a sum-over-states approfwhich is much

faster than any(DFT or Hartree—Fock coupled calcula- RESULTS AND DISCUSSION

tions]. Hence, this is not the bottleneck of our calculations.  In our previous publicatiols we demonstrated that our

Also, the PSO contribution is not as sensitive as the FGipproach leads to very reliable results for hydrogen—

contribution to the quality of the basis set and grid. There-hydrogen, carbon—hydrogen, and carbon—carbon couplings

fore, we use a smaller grid for the PSO calculations to reducen a broad set of organic compounds. The presence of N, O,

the total computational effort. or F atoms in the molecules under study does not worsen
The calculation of the DSO term in DFT involves only a significantly the agreement between our results and experi-

straightforward numerical integration because this contribumental data as far as the C-C, C—H, and H—H couplings are

tion depends only on the unperturbed ground-stateoncerned. However, we found a general trend that the re-

density*13 sults go from good to worse in the series H, C, N, O, and F,

The last term is the SDspin—dipolay contribution®*'®  the errors increasing as one goes to the right in the Periodic
As pointed out in the review by Kowalewsk the calcula- Table and, hence, as the number of lone pairs increases. The
tion of the SD term is the most time-consuming among thediscrepancy with experiment arises from the FC
second-order terms because in this case one deals withcantribution}*?>whereas the calculated PSO and DSO con-
perturbation which contains both real and imaginary compotributions are in very good agreement with results of post-
nents. At the same time, the SD contribution is relativelyHartree—Fock(HF) calculations®~28 To illustrate this, we
small (at least for long-range couplingsAlso, this term is  present the dependencies of the, usually most important, FC
usually smaller than the error in the DFT calculations of theand PSO contributions to one-bond couplingsilculated
FC term. Since the calculation of the SD term would be thewith the DFT method in comparison with CAS reséffjsin
most expensive part of the nuclear spin—spin coupling conN, and CO molecules as functions of the bond lendtee
stant calculations using DFT, it is neglected in the presenFigs. 1 and 2
approach. The PSO contribution calculated with the SOS-DFPT

Besides the four contributions discussed above, thenethod is in perfect agreement with the CAS results. In con-
FC—-SD (Fermi contact—spin—dipolacross term must also trast, the results for the FC contribution with DFT and CAS
be taken into account in calculations of the nuclear spin—spimethods differ noticeably in absolute value, but DFT repro-
coupling tensor. This cross term usually produces the domieluces the general dependence of the FC contribution on the
nant contribution to the anisotropy and can be calculatedjeometry very well. This is a general tendency: DFT with
together with the FC term using the FPT approdittat is LDA or GGA exchange-correlation potentialsvhich are
using the spin-density calculated by FPT with the FC operaeurrently in us¢ underestimates the FC contribution to the
tor as a perturbation for the calculation of the expectatiorreduced one-bond coupling because of the inability of such
values of the spin—dipolar operatoin contrast to the SD exchange-correlation functionals to produce the very high
term, the calculation of the FC-SD cross term requires onhaccuracy spin densities required for these prope(ses also
a very small additional computational effort. Ref. 29. Since FPT is, in principle, an exact DFT perturba-

The calculations have been carried out using a modifiedion theory with respect to calculation of the FC contribution
version of the deMon-KS prografi'® along with the to the nuclear spin—spin coupling constant, improved results
deMon-NMR codé->! All calculated couplings have been will require a better exchange-correlation functional to de-
obtained with the Perdew and Wang exchdfged the Per-  scribe the spin polarization more precisely. One might ratio-
dew correlation function&t (PP except for the data pre- nalize the increasing difficulty in the series N,O,F as arising,
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FIG. 1. Dependence of the FC and PSO contribution&Jtdl—N) on the
bond length in N calculated with the CAS and DFT methods. .
C-O distance in A

in addition to the general increase in the difficulty of the FI'G. 3. Comparison of the FC contripution_ ta(c-0 in co calculate_d
correlation problem, from the presence of polarizable Ion%':(‘:tigﬁaslgaar;da?:rltirgﬁt;f’?hs‘eeE"g’*‘éy;gggg:ﬁerem exchange-correlation
pairs. These could be especially sensitive to the known long- '
range shortcomings of currently used functioridls. wider
base of calculations, some of which are in progress, includgiper types of couplingéincluding couplings with P?> Al-
ing studies of the heavier homologs of these atoms could bgoygh this situation is not fully satisfactory from the theo-
enlightening in this respect. o retical point of view, in practice, this method is found to be
Earlier we found that the FC contribution dependssefyl because it predicts unknown values of couplings and
strongly on the choice of exchange-correlation functidnal. may be used to identify unknown compour(@somers us-
However, the results for the FC contribution calculated withing a correlation between calculated and experimental cou-
different exchange-correlation potenti.als us_ually s_how theplings (as presented on Fig) 4or a given type of coupling.
same geometry depgndence and are just shifted with respggknce, with due caution, one should be able to use coupling
to each other(see Fig. 3 Therefore, the calculated spin— constants calculated with our methodology for NMR struc-
spin couplings are usually also shifted with respect to experig,re determination even when N, O, F, and other nuclei are
mental datgthe slopes and correlation coefficients for these,yolved in the coupling. Such studies are now in progress.
graphs are close to ohas one can see from Table | andon A new exchange-correlation functional may significantly
Fig. 4 where the calculated F-C one-bond couplings argnprove the agreement with experiment for calculated spin—
compared with experiment. Despi_te the significant shiftspin couplings with atoms containing lone fsir Barone
(about 110 Hy the calculated couplings correlate with ex- renorted that the B3LYP functional improves agreement with
periment very well and the “shift” is nearly independent of experiment for calculated hyperfine structuttdhe same
the type of molecule. Similar trends take place for someynctional might improve the results for FC contributions to

TABLE I. DFT calculations of:J(C—F NMR spin—spin coupling constants

:E‘ ggg I in a number of compounds in comparison with experimental data. All values
‘u',’ 25‘0 1 are in Hz. The experimental geometries for LHCH,F,, CH;F, H;C—-CF;,
c . SeCk and CRO were taken from Ref. 24 and for EFCFCI, CFCk,
2 207 CHCLF and HCOF from Ref. 34.
S 16.0 +
E 100 t Molecule Formula Calc. Expt. Refs.
c 5.0 +
8 0.0 4+ Fluoromethane CHF —268.12 -157.5 35
(@] 5.0t Difluoromethane Ch~ —343.11 —234.8 35
2 100 4 8-~ FC- (CAS) Tetrafluoromethane GF —379.37 —259.2 35
° 150 4 —e—FC-(DFT) 1,1,1-Trifluoroethane KC-CR —379.06 -—271 36
& 004 e ::g:g’:f)’ Trifluoromethane CHEF -390.72 -2743 35
8 25.0 : ; : ‘ Dichlorofluoromethane CHGF —388.50 —293.8 36
19 2 24 22 23 Chlorotrifluoromethane CEl —415.33 —299 36
Cabonic difluoride CFo —426.22 —308.4 35
C-O distance in A Trichlorofluoromethane  CFgl —448.83 —337 36
Formyl fluoride HCOF —455.01 —369 35
FIG. 2. Dependence of the FC and PSO contribution§J(€—0) on the Selenocarbony difluoride  SeGF —510.87 —408 36

bond length in CO calculated with the CAS and DFT methods.
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600 TABLE Il. DFT calculations of*J(Si—-H) NMR spin—spin coupling con-
stants in a number of compounds in comparison with experimental data. All
values are in Hz.

N -550 1
< Moleculé® BIll uP Expt?
7]
2 -500 SiH,CH, —179.48 —196.94 —-194.3
35 SiH,(CHs), —-174.27 ~189.80 —188.6
3 st o SiHSiH, ~181.08 ~198.28 ~1908.2
© . SiHzF —212.12 —232.70 —229.0
3 . SiH,F, —258.82 —281.32 —282.0
s -400 1 . SiHF; —347.34 —379.45 -381.7
3 ¢ SiH;CN —212.65 —232.04 —238.0
8 350 - - -
aThe experimental geometries are taken from Ref. 24. The experimental data
for couplings in SiHCH,.
-300 t ; . } : PSiH,(CHa),, SiH,;SiH; are taken from the review of KowalewskRef. 13,
200 -250 -300 -350 400 -450  -500 for SiHsF, SiHF,, SiHF; from Ref. 37, and for SIkECN from Ref. 38.
Experimental couplings (Hz)
for the calculation of spin-spin coupling constants.
FIG. 4. Comparison between calculated and experimeidt@—P cou- These benchmark calculations demonstrate that our ap-
plings for the set of molecules presented in Table I. proach gives very reliable data for such types of couplings.

In fact, the results are “too good” because there is no room

for relativistic correctiongsee the discussion belgpwhich
spin—spin coupling as well because the calculation of the F@re expected to be about 2%—3%8> Since solvation and
term involves the same operator. However, the use ofovibration effects might also be of the same order of mag-
B3LYP increases the computational cost significasipce  nitude as these relativistic corrections our almost perfect
Hartree—Fock exchange must be calculatadd likely its — agreement with experimefobtained with the UP basis $et
use will not fix the problem completely. In any event, the should probably be viewed as somewhat fortuitous. Never-
B3LYP functional is not included in the deMon code andtheless, it is clear that useful accuracy has been attained.
therefore we will not pursue the issue further at this time. Recently, Kirpekaret al. published the couplings for

So far we have analyzed the spin—spin couplings beXH,(X=C, Si, Ge, and Snmolecules calculated with the
tween H, C, N, O, and F nuclei only. The calculation of CAS and RAS methods using different types of active
spin—spin couplings with heavier elements is an excitingsPace’’ They also discussed the importance of relativistic
challenge. A large basis set is necessary for a proper descrigorrections. We found it very interesting to compare our re-
tion of the wave functioior the electron density and Kohn— sults with those of the post-HF approaches and with experi-
Sham(KS) MOs in DFT] at the nucleus and near the nucleusment. The results fofJ(H—H) and *J(X—H) couplings are
as well as in the bond areas and correlation effects should deresented in Tables Ill and IV.
taken into account. Also, relativistic effects influence the  Let us start with the discussion of the results for
NMR parameters much earlier than they do, for example, fofJ(H—H) (Table I1). First of all, we note that judging by the
the geometry of the molecule due to the strong dependendeAS resultd® the SD contribution is the smallest one for
of the NMR parameters on the electronic structure in the coréhese molecules and in many cases it is really negligible.
region. Since, in general, calculations of spin—spin couplings
at the post-HF level are quite demanding, the number of such
calculations for molecules containing nuclei heavier than F is -400
very limited.

We started the study of the ability of our method to
calculate couplings with heavy elements with calculations of
Si—H couplings. We used the BIIl basis set which is usual in
our calculations and also the UP basis set in order to study
the basis set dependence. The results are collected in Table Il
and shown visually on Fig. 5. Even the couplings calculated
with the BIII basis set are in reasonably good agreement with
experiment though they are shifted by 7%—-11%. The use of 200 +
the larger UP basis set brings the calculated couplings into K
excellent agreement with experiment. Unfortunately, such 150 —
calculations with the uncontracted Partridge basis set are 450 200 250  -300  -350  -400
quite demanding and the development of a suitable contrac-
tion scheme is desirable. Another exciting possibility to re-
duce computational efforts is to use a locally concentrate@ g, 5. comparison between calculated and experiméd(&@i—H) cou-
basis®® However, this idea has not yet been tested carefullylings for the set of molecules presented in Table Il.

-350 +

=300

-250 +

Calculated couplings (Hz)

+ UP

Experimental couplings (Hz)
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TABLE Ill. DFT calculations of2J(H-H) NMR spin—spin coupling constants in XHX=C, Si, Ge, Shin
comparison with the results of RPA and CAS methods and with experimentat Adtaalues are in Hz.

Method
Molecule (Basig FC PSO DSO SD Sum

CH, RPA —27.69 3.63 —3.54 0.44 —27.16
CAS (A) —21.26 3.56 —-3.50 0.36 —20.84
CAS (B) —-15.73 3.59 —-3.51 0.35 —15.30
DFT (H:BIII;C:BIl) —10.80 3.37 —3.42 —-10.75
DFT (H:BIII;C:TZV2) —10.69 3.55 —3.43 —10.58
DFT (H:BIII;C:BIll ) —10.83 3.56 —3.43 -10.71
DFT (UP) —13.31 3.68 —3.45 —13.08
Exp. —-12.4

SiH, RPA 0.40 1.42 —2.37 0.86 —0.39
CAS (A) -0.34 1.42 —-2.35 0.10 —1.45
CAS (B) —0.05 1.40 -2.35 0.05 -0.95
DFT (H:BlII;Si:BIl) 1.54 1.76 -2.35 0.95
DFT (H:BllI;Si:TZV2) 2.78 2.02 —2.36 2.44
DFT (H:BlII;Si:BIII) 1.93 2.02 —2.35 1.60
DFT (UP) 1.24 2.20 —2.36 1.09
Exp. +2.75

GeH, RPA -0.57 2.52 —-4.84 0.06 —-2.83
CAS (A) —0.86 2.51 —4.82 0.06 —-3.12
RAS (B) 2.18 2.50 —4.82 0.05 —0.09
DFT (H:Blll;Ge:BII) 8.04 2.23 —4.84 5.44
DFT 8.42 2.60 —4.83 6.19
(H:BlII;Ge:TZV2)
DFT (UP) 9.45 2.72 —4.84 7.33
Exp.

SnH, RPA 2.45 2.93 —4.80 0.00 0.58
CAS (A) 0.77 2.92 —4.79 0.00 -1.10
RAS (A) 0.81 2.93 —4.79 0.00 -1.05
RAS (B) 3.38 2.91 —4.88 0.01 1.42
DFT (H:BIII;Sn:BII) 11.16 1.98 —-4.79 8.35
DFT (UP) 13.20 2.13 —-4.79 10.54
Exp. +15.3

3Experimental values are taken from Ref. 33 &fud 2J(H—H) in SiH,] from the review of Kowalewsk{Ref.
13.

Hence, these CAS results provide an additional argument tkation for the core electrons in the CAS calculations. In gen-
justify the neglect of the SD term in our approach. Also, aseral, we conclude that the DFT results are reliable for the
one can see, the PSO and DSO contributions almost cancehole set of molecules with somewhat larger deviation from
each other, especially for lighter molecules. The agreemergxperiment for Snil where we suspect the importance of
between the CAS and DFT results for these two terms iselativistic effects. However, based on our calculations for
apparent. Indeed, the difference between the CAS and DFihe whole series we predict the unknown experimental value
results for the PSO term is within the difference associatedor 2J(H—H) in GeH, to be about+8+2 Hz.
with the use of different basis sets in the DFT method. The  The results fortJ(X—H) couplings for the same set of
results for DSO are absolutely independent of the methodnolecules are collected in Table IV. Once more one can see
and basis set quality for all these molecules. that the SD contribution is negligible for all molecules as
In contrast, the CAS/RAS and DFT methods give quitewell as is the DSO contribution. Again, the results for DSO
different values for the FC term. The data presented in Tablare independent of the basis set and method used. The PSO
Il show that the DFT results for th&)(H—H) couplings are  contributions calculated by SOS-DFPT are in agreement
closer to experiment in all molecules for which data arewith those from the CAS/RAS methods. However, the PSO
available. It is difficult to explain the discrepancy betweencontribution toXJ(X—H) couplings is also quite small in
the CAS/RAS results and the experimental data. Judging bthese molecules in comparison with the leading FC contribu-
the fact that the CAS results are in quite good agreemertion. The latter completely defines the trend-®fX—H) cou-
with experiment for CH and the agreement worsens for plings for this set of molecules. The FC contribution in CH
heavier systems and based on our experience that the depealculated with DFT using the largest UP basis @9.44
dence of the calculated couplings on the basis set quality iBlz) is in good agreement with the results of the CAS method
stronger for the systems with heavier elements one might123.53-130.78 Hz The same remarkable agreement be-
suspect that basis set problems could contribute to the errafwwveen DFT and CAS methods is found for the FC contribu-
However, most probably the reason is the neglect of corretion to 2J(Si—H) in the case of Sill Also, for CH, and SiH,

J. Chem. Phys., Vol. 105, No. 19, 15 November 1996



8798 Malkina, Salahub, and Malkin: NMR spin—spin coupling constants

TABLE IV. DFT calculations of!J(X—H) NMR spin—spin coupling constants in %HX=C, Si, Ge, Shin
comparison with the results of RPA and CAS methods and with experimentat Adtaalues are in Hz.

Molecule Method(Basi9 FC PSO DSO SD Sum
CH, RPA 157.90 1.39 0.25 -0.23 159.31
CAS (A) 130.78 1.31 0.26 —-0.08 132.27
CAS (B) 123.53 1.48 0.27 0.02 125.30
DFT (H:BlII;C:BIl) 117.92 1.59 0.25 119.77
DFT (H:BlII;C:TZV2) 118.27 1.66 0.25 120.17
DFT (H:BII;C:BIIl) 119.45 1.68 0.25 121.38
DFT (UP) 129.44 1.72 0.24 131.39
Exp. 120.78
SiH, RPA —257.75 0.72 —-0.02 0.05 —257.00
CAS (A) —212.76 0.98 —-0.01 —0.06 —211.85
CAS (B) —207.66 0.61 -0.04 -0.11 —207.20
DFT (H:BIII;Si:BIl) —190.52 0.32 —0.03 —190.23
DFT (H:BIII;Si:TZV2) —185.01 0.29 —-0.02 —184.74
DFT (H:BlII;Si:BIII ) —188.46 0.35 —0.03 —188.14
DFT (UP) —206.24 0.30 —0.03 —205.96
Exp. —202.5
GeH, RPA —126.50 0.23 —-0.01 0.18 —126.10
CAS (A) —102.52 0.20 -0.01 0.12 —-102.21
RAS (B) —97.86 0.21 —0.01 0.10 —97.56
DFT (H:BllI;Ge:BII) —85.96 0.16 -0.01 —85.80
DFT —76.62 0.21 —0.01 —76.42
(H:BIIl;Ge:TZV2)
DFT (UP) —81.06 0.17 -0.01 —80.09
Exp. —97.6
SnH, RPA —2184.39 6.27 —0.03 121 —2176.94
CAS (A) —1715.07 5.81 —0.04 0.44 —1708.86
RAS (A) —1749.45 5.87 —0.04 0.51 —1743.10
RAS (B) —1897.65 5.52 —-0.03 0.87 —1891.29
DFT (H:BllI;Sn:BII) —1366.02 4.86 —0.04 —1361.20
DFT (UP) —1412.48 4.64 —-0.04 —1407.88
Exp. —1930

*Experimental values are taken from Ref. 33.

both DFT and CAS methods agree well with experiment. B(n,Z) factor. Here, we neglect the new relativistic, isotro-
However, the FC contribution for GgHand especially pic s—p term introduced by Pyykk8® (which is not large,
for SnH, calculated with the DFT and CAS methods differ as found in the original pap&(®).
significantly. Taken at face value, the CAS results are in  Further progress in this field was made by PyyRko
better agreement with experiment than are our DFT resultBased on his calculations for “hydrogen-like(Breit type
However, for couplings with such heavy elements as Ge andorrections one can estimate that nonrelativistic calculations
Sn one should expect that relativistic corrections might bewill underestimate the FC contribution to the couplings with
important. The importance of relativistic effects was dis-C, Si, Ge, and Sn by a factor of 1.004, 1.023, 1.125, and
cussed in the literature quite extensively in the ast the 1.348, respectivelysee Refs. 13 and 32Such a correction
reviews of Kowalewski;’ for examplg. In 1930 Breif®in-  is small for 3(C—H) coupling (the correction will be less
troduced simplea posteriori relativistic corrections to the than 0.5 Hx but it will already affect the agreement with
nonrelativistic expectation values of the FC operator. Folexperiment for'J(Si—H) couplings (the correction will be
lowing the papers of Pyykket al* a relativistic correction  ahout 5 Hy. It will slightly reduce the level of agreement of
factor (depending on the principal quantum number of thegyr results'J(Si—H), presented in Tables Il and I\alcu-
atomics-state "n” and the nuclear chargeZ” ) B(n,Z) can  |ated with UP basis spwith experiment. But such correc-

be presented in the following form: tions will influence the CAS results fotJ(Ge-H and
|th5| 13(Sn—H much more significantly, pushing them away from
<‘7[frel rel ’/frel> . .
B(n,z)= ]HFC , their experimental counterparts.
{¥nonrel Hngrrel ¥none) To demonstrate the general trends we present the results

where H" includes the nuclear spin—electron orbit, the of RPA and CAS(A) together with DFT(UP) for 13(Sn-H
dipole—dipole, and the Fermi cont4&C) terms(see Ref. 32  before and after the relativistic correction in comparison with
for more details Using such corrections one can estimateexperimental data in Fig. €ll data are taken from Table
the relativistic value by multiplying the nonrelativistic ex- 1V). Now it is easy to see that the RPA and CAS results are
pectation value of the FC operator by a correspondingn good agreement with experimental datforethe relativ-
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indicates that our DFT-based method can, in fact, be applied
EIRPA BCAS NDFT mEXP to a wider range of compounds than we have suggested
previously!

Also, our approach yields very good results for cou-
plings involving Si and, after the inclusion of relativistic cor-
rections, for couplings with Ge and Sn. This supports our
conclusion that the present method works very well for the
atoms without lone pairs so far examinésle have experi-
ence with H, C, Si, Ge, and Sn and we are aware of good
results, obtained with our method, for couplings with Li and
B).? Unfortunately, spin—spin couplings with heavy elements
tend to be more sensitive to the basis set quality in the core
region. However, as follows from our experience, the use of
a smaller basis s¢for example, Blll instead of the uncon-
tracted PartridgéUP) basis set?] leads just to a systematic
FIG. 6. 13(Si—H), calculated with the RPA, CAS, and DFT methods, before shift of the results and the data with a larger basis set can be
and_ after thea posteriorirelativistic correction in comparison with the ex- easily estimated. We found that relativistic effects are impor-
perimental value. tant for couplings even with such relatively light elements as

Si and Ge and extremely important for Sn. The use of the

“hydrogenlike” (Breit type corrections proposed by
istic correction. Howeverfter the correction RPA and CAS  pyykk2 on top of our DFT-based method is the most effi-
significantly overestimate the Sn—H coupling. Our DFT re-cjent way to treat couplings with heavy elements. However,
sult with the UP basis set is far below the experimental valugy|ly relativistic calculations of these couplings would be
before the correction but it is in excellent agreement with extremely interesting as reliable reference points for bench-
experimentafter the relativistic (Breit type correctiod®¥? o1 calculations.
was applied. In conclusion, we predict that the DFT method for spin—

The same conclusion was deduced for #36Ge~H  spin coupling constant calculations will be a very popular
coupling in GeH but the relativistic cprrection is 1ess pro- and extremely useful practical tool for NMR studies in the
?ounced [about 10-15 Hz depending on the calculatedcoming years. This approach will benefit significantly from

J(Ge—H value]. Taking into account the overall very good the development of new exchange-correlation potentials.
agreement between our DFT results for such types of cou-

plings (between atoms without lone pairere believe that

our results are superior to the CAS results published by Kir—ACKNOWLEDGMENTS
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