CHEMISTRY—

A EUROPEAN JOURNAL

DOI: 10.1002/chem.200800264

Evaluation of Electron Population Terms for (rs.’)y, (53, and (ro’),,: How
Do HOMO and LUMO Shrink or Expand Depending on Nuclear Charges?

Waro Nakanishi,*!*! Satoko Hayashi,””! Kenji Narahara,””! Daisuke Yamaki,"” and

Masahiko Hada'™

Abstract: Electron population terms
(ry)) are evaluated for N=Se, S, and
O. Calculations are performed on
HOMO and LUMO constructed by
pure atomic 4p(Se), 3p(S), and 2p(O)
orbitals, employing the 6-3114+G(3d)
and/or 6-311++G(3df,3pd) basis sets at
the HF, MP2, and DFT (B3LYP)
levels. Se**, Se**, Se’, and Se*  with
the O, symmetry are called G(A: Se)
and HSe™*, H,Se, and HSe~ with the
C., or C,, symmetry are named G(B:
Se), here [G(A+B: Se) in all]. HOMO

and O) satisfy the conditions of the cal-
culations for (ry’). The (rg))s, (rs’)sp
and (ry’),, values correlate well with
the corresponding MO energies (ey)
for all calculation levels employed.
Plots of (ry"Ynomo and {ry’)Lumo versus
O(N) (N=Se, S, and O) at the HF and
MP2 levels are analyzed as two corre-
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lations. However, the plots at the DFT
level can be analyzed as single correla-
tion. A regression curve is assumed for
the analysis. Behaviors of (ry’) clarify
how valence orbitals shrink or expand
depending on Q(N). The applicability
of (ry’) is examined to establish a new
method that enables us to analyze
chemical shifts with the charge effect
separately from others. A utility pro-
gram derived from the Gaussian 03
(NMRANAL-NHO03G) is applied to
evaluate (ry’) and examine the applica-

and LUMO in G(A+B: N) (N=Se, S,

Introduction

Valence orbitals shrink or expand depending on the magni-
tude of the electron repulsion if those at the same kind of
nuclei are compared.!"! The total magnitude of the electron
repulsion at a nucleus (N) in a molecule (M) should be cor-
related with the electron density at NV, which could be evalu-
ated by the nuclear charge (Q(N)) in M. The electron popu-
lation terms (ry’) will evaluate how molecular orbitals
(MOs) shrink or expand. It should be crucial to determine
whether (ry’) or the relative values ({ry’),,) correlate with

QO(N).
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bility to the NMR analysis.

NMR spectroscopy has been established as an extremely
powerful tool available to the scientific community;? it’s es-
sential for modern chemistry and biology to investigate mo-
lecular-level structures and dynamics.”) Calculated absolute
shielding tensors (o) become reliable, where total absolute
shielding tensors (o) are decomposed into diamagnetic (o)
and paramagnetic (o) contributions (c'=0? + 0°).5 Em-
ploying calculated o”(N), physical meanings of NMR chemi-
cal shifts can be understood more clearly, since o?(N) is
highly sensitive to the structural change around N in M (o"-
(N: M)). Based on the approximated image derived from
Equation (1), (r,’) in the nuclear-spin electron-orbit in-
teraction terms [(y,|L_yr3'|y,) and (y,|L_yry’|v,)] must
play an important role to determine the chemical shifts, to-
gether with the reciprocal orbital energy gaps [(g,—¢;) '] and
the Zeeman terms [(y,|L. |y, and (y,|L,|y)].2" Equa-
tion (1) can be rewritten to Equation (2), if (ry’) can be
treated as a constant for N in M.

ON) = —(ue€/2m?) Yy 0 N (e,e) !

><{<wi|l:z|wa><wa|i‘z.Nr;]3‘wi> + <wi‘l:z.Nr;/3|wa><1I)a|l:z|lpi>}
)
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Se NMR is one of typical methods utilized to determine
the structures of selenium containing compounds.?*
Indeed, empirical rules are used to assign the spectra on a
daily basis, but they are of no use when the physical mean-
ings of the shift values are considered. Plain rules originat-
ing from theory are necessary to determine geometric and
electronic structures based on the chemical shifts.™ If
chemical shifts can be discussed separately from the three
factors, much more information could be derived from the
chemical shifts useful to investigate physical, chemical, and
biological sciences.

Atomic 4p(Se) orbitals in the valence MOs mainly control
the ”’Se chemical shifts. To clarify the behavior of (rg)),,, the
values are calculated for HOMO and LUMO constructed
by the pure atomic 4p(Se) orbitals in Se**, Se’*, Se’, and
Se* and those in HSe*, H,Se, and HSe~. We call the
former group A [G(A: Se)] herein, since they have no H
atoms with the O, symmetry, and the latter group B [G(B:
Se)] with the C_;, or C,, symmetry due to the H atom(s)™
[G(A+B: Se) in all]. Similar calculations are performed on
sulfur and oxygen species: (rg’)s, and (rg’),, are calculated
for G(A+B: S) and G(A+B: O), respectively, for conven-
ience of comparison. The values are connected to Q(N) in
the expectation that (ry’) can be approximately estimated
based on Q(N).

Here, we report the results of the calculations on (ry’) for
HOMO and LUMO constructed by pure atomic 4p(Se) or-
bitals in G(A+B: Se), 3p(S) in G(A+B: S), and 2p(0O) in G-
(A+B: O). Correlations of (ry’) with Q(N) (N=Se, S, and
O) and the corresponding MO energies (ey) in G(A+B: N)
are discussed. It can be assumed that the valence orbitals
shrink or expand depending on Q(N) through evaluation of
(ry)). The results will open the door to develop a new
method to analyze the NMR chemical shifts.

Results and Discussion

Calculation method: The 6-311+G(3d) and 6-3114++G-
(3df3pd) basis sets in the Gaussian 03 program!***! are em-
ployed for G(A+B: N) (N of Se, S, and O). Calculations are
performed at the Hartree—Fock (HF) level'¥ the Mgller—
Plesset second order energy correlation (MP2) level,"” and/
or the density functional theory (DFT) level of the Becke
three-parameter hybrid functionals with the Lee-Yang-Parr
correlation functional (B3LYP).'"¥ The (ry’); values aver-
aged by 1; and 1; are calculated according to Equation (3),
although (ry’)uomo (¥;=%;=HOMO) and (ry’)Lumo (¥i=
y;=LUMO) are used in place of (r.’);, if they are suita-
ble."! The utility program derived from the Gaussian 03
program are applied to calculate the (ry’) values (NMRA-
NAL-NH03G).?-21

r)i = (Wilry’lw;) 3)
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Evaluation of electron population terms (ry’) (N=Se, S,
and O): Figure 1 illustrates -5 for Se’ at the singlet
state, which are constructed by the pure atomic 4p(Se) orbi-
tals. 1,5 and ; are occupied and ;g is vacant. MOs and
the energies for Se**, Se’*, and Se?” are closely related to
those for Se’. While 1,5 are vacant in Se**, 4 is occu-
pied and ;; and v,5 are vacant in Se*", and ;5 are oc-
cupied in Se*".

) F 8 :
We Q00— Wi Q0O— Ve ¥ pex
4p,(Se) 4pSe)

4p,(Se)

Figure 1. HOMO (¥4 and ;) and LUMO () illustrated for Se” at the
singlet state.

The (ry’) values are calculated for HOMO and LUMO
constructed by pure atomic 4p(Se) orbitals in G(A+B: Se),
by pure 3p(S) in G(A+B: S), and by pure 2p(O) in G(A+B:
O) at the singlet state according to Equation (3). Table 1
summarizes the results calculated with the 6-3114+G(3d)
basis sets for G(A+B: Se) at the HF, MP2, and B3LYP
levels and for G(A+B: S and O) at the B3LYP level. The
(r)s values are also obtained assuming (ry)gomo=1.000
for each N° of G(A: N). Table 1 summarizes the (ry’).
values ({(ry"Ynomowe and (r3’)Lumosel), together with the cor-
responding MO energies (ey: evnomo and éeyqumo) and
QO(N) calculated employing the natural population analy-
sis'" with the same methods. Data for G(A+B: S and O) at
the HF and MP2 levels are given in the Supporting Informa-
tion (Tables S1 and S2). The B3LYP/6-3114++G(3df,3pd)
method is also applied to G(A+B: Se and S) for ease of
comparison. The results are shown in the Supporting Infor-
mation (Table S3). The (ry*) values for HOMO and LUMO
of Se’* and Se’ at the triplet state are similarly calculated
with the B3LYP/6-311+G(3d) method. The (), values at
the triplet state are also obtained assuming (ry’)gomo = 1.000
for Se’ at the singlet state (see Table S4 in the Supporting
Information for results, containing the average values).

Before discussion of the correlation between (ry’) and
Q(N), it is important to discuss the correlation between
(ry)) and ey.

Correlations between (ry’) and &y (N=Se, S, and O):
Figure 2 shows the plots of {ry’)omo and {ry’) umo versus
corresponding ¢y for N=Se, S, and O, calculated with the
HF/6-3114+G(3d) method. The correlations are very good.
Table 2 shows the results (entries 1-3). The correlations for
the data calculated with the MP2/6-3114+G(3d) method are
very close to those obtained by the HF/6-3114+G(3d)
method. The results calculated with the MP2/6-3114+G(3d)
methods are also shown in Table 2 (entries 4-6). The plots
with the MP2/6-3114+G(3d) method is given in the Support-
ing Information (Figure S1). Figure 3 shows the plots of
(rnomo and (ry)Lumo versus ey for N=Se, S, and O, calcu-
lated with the B3LYP/6-311+G(3d) method. The correla-
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Table 1. (ry)nomor ("3 )tomowe {7y )Lumos and () umowe Values for Se'*, Se**, Se’, and Se’” (G(A: Se)), y = Arelexp(arelx) + (1_Arel)
HSe™, H,Se, and HSe™ (G(B: Se)), G(A+B: S), and G(A+B: O) at the singlet state, together with ey. om0 (4)
entomo, and Q(N) (N=Se, S, and O).

Species <r;]3>H()M() <r;]3>re][ab] <r;]3>LUM() <r;/3>re1[b'c] EN:HOMO EN.LUMO Q(N)[dJ y= Arelexp(amx) + Brel (5)
[a,] [a,] [au] [au]
Hlji6-311+G(3d) The plot for {rg’)nomora Of G-
Seu 14.082 1.542 —1.526 4 (A+B: Se) calculated with the
Se 12.307 1.347 10.540 1.154 ~1.067 ~0.730 2 .
Se” 9.133 1.00060  6.798 0.744 ~0.373 ~0.079 0 HF/6-311+G(3d) method  in
Se?™ 6.340 0.694 0.114 ) Figure 4 is analyzed incorporat-
HSe™ 10.382 1.137 8.443 0.924 —0.684 —0.370 0.933 ing the regression curve shown
H,Se 8.717 0.954 —0.358 ~0.131 i Equation (4),”2) where x and
HSe~ 7.490 0.820 —0.090 ~1.000 5
MP2/6.311+G(3d) y stanq for Q(Se) and '(rSe).rcl,
Sett 14.082 1542 _1.526 4 respectively. The Equation in-
Se?* 12.307 1.347 10.540 1.154 —1.067 —0.730 2 cludes (x,y)=(Q(N),(r ) =
Se” 9.133 1.000¢ 6798 0.744 0373 ~0.079 0 (0,1). The correlation is very
Se> 6.340 0.694 0.114 )
HSe* 10.380 1.137 8.441 0.924 —0.684 ~0.370 0.925 good.  Table3 ~ shows the
H,Se 8.441 0.955 —0.358 _0135 (Aren@a)  values  (entry 1),
HSe~ 7.498 0.821 ~0.090 —1000 where H and L stand for
B3LYP/6- HOMO and LUMO, respec-
311+G(3d) tively. Figure 4 also contains the
Sett 17.764 1.737 ~1.731 4 . ¢ s
Se2* 13.798 1349 13.869 1356 —0.944 ~0.914 2 plot of (rg)iumom  versus
Se? 10228 10008 10242 1001 —0.264 —0237 0 O(Se) for G(A+B: Se), which
Se?” 7.147 0.699 0.181 -2 should be further analyzed as
HSC+ 11.630 1.137 11.659 1.140 —0.568 —0.540 0.907 another Correlation; thls can be
H,Se 9.760 0.954 —0251 —0190 pieed by applying Equa-
HSe 8373 0.819 0.002 -1.030 . ; .
gi+ 9.141 1773 _1.921 4 tion (5), which does not satisfy
s+ 7.248 1.365 7.160 1.349 —1.041 ~0.997 2 (x,y) = (0,1). The correlation is
s 5.308 1.000¢ 5200 0.980 —0.283 —0.248 0 also very good. Table 3 shows
s 3.690 0.695 0.204 -2 the (A,.,00) values with B, in
HS* 6.014 1.133 5.910 1.113 -0.615 -0.576 0858 1 rootnote (entry 2). The
0,8 4.990 0.940 —0.266 0275 5 y 2
HS 4306 0.811 0.007 —1073 plots of  (r¢))nomora  and
o+ 9.491 1.912 —-3.201 4 (r&yLumoua versus Q(Se) for G-
o 7.070 1.424 6.717 1353 —-1.628 —1.525 2 (A: Se) are similarly analyzed.
o° 4.963 1.000¢  4.608 0.928 ~0.381 -0.301 0 The results are eiven in Table 3
o 3.402 0.686 0.341 -2 . &
OH* 5.479 1.104 5133 1.034 -0.851 —0.764 042 (entries 3 and 4). The results
H,0 4364 0.879 —0.321 —0.922 for G(A+B: Se) are essentially
OH™ 3.875 0.781 0.048 —-1.369  the same as those for G(A: Se).

The plots of {rg)nomoxa and
(r&yLumoua Versus Q(Se), calcu-
lated  with  the  MP2/6-
3114+G(3d) method, are shown
in the Supporting Information

[a] (ry)nomoxe- [B] (Fy Y nomo=1.000 for each N of G(A: N). [c] {ry))Lumoxe- [d] Nuclear charge calculated
with the natural population analysis for G(B: N). [e] Chosen as the standard.

(Figure S2). Table 3 summarizes

tions are excellent (see Table 2, entries 7-9). These results
demonstrate that (ry’)aomo and {ry’)Lumo (N=Se, S, and O)
are well correlated with &, irrespective of the calculation
methods.

After elucidating the relationship between (ry’) and ey,
the correlation between (ry’) and Q(N) needs to be clari-
fied, where ey cannot be assigned to an atom N in M,
whereas Q(N) can be.

Correlations between (r;f} and Q(N) (N=Se, S, and O):
Figure 4 shows the plots of (r¢))uomosa and (rg))Lumosrel
versus Q(Se) for G(A+B: Se), calculated with the HF/6-
3114+G(3d) method. Figure 5 shows the plots for those cal-
culated with the B3LYP/6-311+G(3d) method.
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the correlations (entries 5-8). The results with the MP2/6-
3114+G(3d) method are essentially the same as those with
the HF/6-3114+G(3d) method.

The plots of (rg?)uomoxa and (F52)Lumosa versus O(Se) for
G(A+B: Se) calculated with the B3LYP/6-3114+G(3d)
method shown in Figure 5 can fortunately be analyzed as a
single correlation. Equation (4) is applied for the analysis.
The correlation is excellent (R*=0.999). Table 3 shows the
results (entry 9).%*! The Table also contains the correlations
for the plots of (rg))uomorer and (rg))Lumoxer in G(A: Se)
(entry 10). The results for G(A+B: Se) are very similar to
those for G(A: Se). The correlation for the plot of
(r2Ynomoxe in G(A: Se) is also given in Table 3 (entry 11).
The results show that there are no substantial differences

Chem. Eur. J. 2008, 14, 7278 -7284
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and S5). The correlations are

No y x a b R Comment given in Table 3 (entries 12-17).
HF/6-311+G(3d) The Table also collects the
1 (rsd) £se —4.881 6.903 0.988 G(A+B:Se) A, 0, values for the correla-
2 <’§> & —2413 3.523 0.988 G(A+B:S)  tions, which correspond to the
3 ) P ~1.776 3354 0.971 G(A+B:0)  haree dependence of () at
MP2/6-311+G(3d) N)=0.124
4 (rsd) s, —4.879 6.905 0.988 G(A+B:se) Q(V)=0.
5 (rs?) &s —2.413 3.524 0.988 G(A+B:S) Equation (6) should be ap-
6 (}'63) €6 —-1.774 3.357 0.970 G(A+B: O) phed when <r;/3>HOMO and
B3LYP/6-311+G(3d) rd) are pl
~ LUMO plotted versus
7 (rsd) £se ~5.506 8.547 0.993 G(A+B: Se) Q]E/N) In these cases. Equa-
8 33 e —2.680 4387 0.995 G(A+B:s) =UV) ) > =9
9 ) fo ~1.742 4016 0.992 G(A+B:0) tion(6) will be obtained by
10 (rs®) (rsd) 0.540 —0.256 0.998 G(A+B) multiplying the both sides of
11 (76? (@Z) 0.581 -1.138 0.976 G(A+B) Equations (4) or (5) by
12 ! ) 1.081 —0.894 0.987 G(A+B) e N (— ) _
13 & £ 1.112 0.012 1.000 G(A+B) (v Iromo(N') - (=ko(N%)) - (N
14 €o ése 1853 0.118 0.994 G(A+B) Se, S, or O), used as the stan-
[a] Analyzed according to y=ax + b (R’: square of correlation coefficient). d'ard values. Therefore, Egua-
tions (7) and (8) are derived
<3 <"Se_a;“re\
fao™] 18l
151 1.6
1.4
1.2
1.0
0.8}
1 1 1 1 0.6 1 L 1 1 1 1

-3 -2 -1 0 &ylau]

Figure 2. Plots of (r;’) versus ey for HOMO and LUMO in G(A+B: N)
calculated with the HF/6-3114+G(3d) method: @ for N=Se, A for N=S,
and m for N=0.

< rN'3>

=3
lag™]

-3 2 -1

I
Q eylau]

Figure 3. Plots of (ry’) versus ey for HOMO and LUMO in G(A+B: N)
calculated with the B3LYP/6-311+G(3d) method: e for N=Se, A for
N=S, and m for N=0O.

between the three plots. Similar plots of G(A+B: N) versus
Q(N) (N=S and O) are analyzed as single correlation for
each as shown in the Supporting Information (Figures S4
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-2 -1 o 1 2 3 4 Q[Se]
Figure 4. Plots of (rg.)nomoxa and (rg’) umoxe versus Q(Se) for G(A+B:
Se) calculated with the HF/6-311+G(3d) method: o for HOMO and A
for LUMO.

<rse >l

1.8

0.8

0.6 L 1 L 1 L 1 L
-2 - 0 1 2 3 4 Q[Se]

Figure 5. Plots of (rg’)nomose and (reo)rumowa Vversus Q(Se) calculated
with the B3LYP/6-3114+G(3d) method: o for G(A+B: Se) and A for G-
(B: Se). Data for (rg)) umosa and (rg.)nomose are substantially equal for
Se’, Se?*, and HSe™*.

from Equations (4) and (5), respectively:

y = Aexp(ax) + B (6)

— 7281
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Table 3. A, Oy, and A0, values for G(A and/or B: N) (N=Se, S, and O).[*"]

No. Hand/or LI A, el R A0 Comment
HF/6-3114+G(3d)

1 HOMO 3.344 0.0489 0.995  0.1635 G(A+B: Se)
2 LUMO —5.104  —0.0423 0999 02159 G(A+B: Se)!t
3 HOMO 2.555 0.0637 1.000  0.1628 G(A: Se)

4 LUMO —7.636  —0.0276  1.000  0.2108 G(A: Se)td
MP2/6-3114+G(3d)

5 HOMO 3.294 0.0497 0.995  0.1637 G(A+B: Se)
6 LUMO —5.081  —0.0425 0999 02159 G(A+B: Se)l
7 HOMO 2.555 0.0637 1.000  0.1628 G(A: Se)

8 LUMO -7.636  —0.0276  1.000  0.2108 G(A: Se)tl
B3LYP/6-311+G(3d)

9 H+ LU 2713 0.0602 0.999  0.1633 G(A+B: Se)
10 H+ LU 2.580 0.0631 1.000  0.1628 G(A: Se)

11 HOMO 2.196 0.0738 1.000  0.1621 G(A: Se)

12 H + LU 2.130 0.0772 0.997  0.1644 G(A+B:S)
13 H+ LU 2.111 0.0781 0.999  0.1649 G(A:S)

14 HOMO 1.843 0.0904 1.000  0.1666 G(A:S)

15 H+ LU 1.245 0.1370 0.990  0.1706 G(A+B: O)
16 H 4 LU 1.368 0.1273 0.992  0.1741 G(A: 0)

17 HOMO 1.213 0.1500 1.000  0.1820 G(A: 0)
B3LYP/6-311++G(3df,3pd)

18 H+ LU 2.641 0.0615 0.998  0.1624 G(A+B: Se)
19 H 4 LU 2.545 0.0637 1.000  0.1621 G(A: Se)

20 HOMO 2282 0.0709 1.000  0.1618 G(A: Se)

21 H + LU 2.367 0.0682 0.99  0.1614 G(A+B:S)
22 H 4 LU 2289 0.0705 0.999  0.1614 G(A:S)

23 HOMO 1.909 0.0856 1.000  0.1634 G(A:S)

[a] According to Equations (4) and/or (5). [b] B, in the footnote. [c] H stands for HOMO and L for LUMO.
[d] Square of correlation coefficient in y=ax + b (R?). [e] (dy/dx),_. [f] Bq=5.840. [g] B,;=8.380. [h] B, =
5.818. [i] B, =28.380.

A = kO(NO) 'Arela a = O, and B = kO(NO) ’ (1_Are1)

£ #(S€),.: —1345 ppm
(7 O .t

A = kO(NO) ’Arels a = arel’ and B = kO(NO) : Brel

(ko(N®) = (¥ hmomo(N?) (N = Se, S, or 0)) ® OO

in the Gaussian 03 program,
they can be decomposed into
the contribution of the occu-
pied orbitals or the orbital-or-
bital transitions” as shown in
Equation (9).

P __ E oce E unoce ~p

o = i a 0% a
_ oce ~p

= E i 0

Figure 6 shows the ¢ 3(HOMO)
to ¥, (LUMO+1) transition in
SeH,.” The molecular plane of
SeH, is set to the xy plane with
the bisected direction of
XHSeH to the x axis, here.
Consequently, 3,;(HOMO) is
the pure 4p,(Se) and -
(LUMO+1) is constructed by
4p,(Se) and h, (H,), as shown
in Figure 7. Therefore, the
P13— Y, transition corresponds
to o°(Se),,, which contributes
the largest downfield shift to
o°(Se). The transition amounts
to —1345 ppm when calculated

©)

P

150 (LUMO+1)

Figure 6. v s(HOMO) to 1, (LUMO+1) transition in SeH,, contributing

. . . . 3 to o°(Se),,-
It would be interesting if the magnitudes of (rg°) are not so

close to those of (rg)) but close to those of (ry’) for G-
(A+B) when calculated with the B3LYP/6-3114+G(3d)
method (entries 10-12 in Table 2: Figure S6, Supporting In-
formation). The value from the covalent radii of N (r.y.x)
may not be valid in (r;’) for N=Se, S and O. On the other
hand, ¢5(G(A+B)) correlate well with &5,(G(A+B)), com-
pared with the case of e5(G(A+B)) (entries 13 and 14 in
Table 3, Figure S7 in the Supporting Information). The data
calculated with the B3LYP/6-3114++G(3df,3pd) method are
similarly plotted for G(A+B: Se) and G(A+B: S). The re-
sults are very close to those of the B3LYP/6-3114+G(3d)
method. Table 3 also collects the correlations (entries 18-
23).

After establishment of the correlation between (r,’) and
QO(N), the applicability of (ry’) is subsequently considered to
develop a new method to analyze NMR chemical shifts sep-
arately by the Q(N) factor from others.

basis sets.

with the DFT-GIAO method employing the 6-311+(3d)

According to Equation (1), (1/;20|LAZ,Nr,‘V3\1/)18> and (yg]
lA,L_Nr;f |1,0) have to be determined for the 13—, transi-
tion, which would be reduced to Equation (3) with i=18
and j=20 for SeH,, although the angular momentum opera-
tor (I:Z,N) must also be considered. The (rg))nomors and
(redyLumoxe values are correlated well with Q(N) and sub-
stantially equal with each other, if calculated with the
B3LYP/6-311+G(3d) method. It would be possible to ana-
lyze the ’Se NMR chemical shifts separately by the factor
of Q(N) by applying the GTAO-DFT (B3LYP) method,?” if
the shift values are predominantly controlled by 4p(Se) in
occupied and unoccupied MOs.

Conclusion

Applicability of (r,’) to NMR analysis: The applicability of
(ry)) for NMR analysis is exemplified by SeH,.*! Since o”
are evaluated by the coupled Hartree-Fock (CPHF) method
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Straightforward rules are necessary to determine geometric
and electronic structures based on the chemical shifts, which
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of(Se),,

Factor of orbital overlap
controlled by angular =
momentum operator
Yoo (LUMO+1: nr*(bz SeH,))
Factor of <r,™>
(Factor of charge)

Factor
of Ag™!

11s (HOMO: 4p, (Se))

116 (HOMO-2: ofb,: SeH,)

Figure 7. Illustration for the formation of s and y,, from 4p,(Se) and
hy(H,) in SeH,, together with factors to control the "’Se chemical shifts
exemplified by the y3—1,, transition.

are founded on theory. Much more information will be de-
rived from the chemical shifts useful to investigate physical,
chemical, and biological sciences, if chemical shifts are ana-
lyzed separately by the factors of charges, reciprocal orbital
energy gaps, and orbital overlaps. As a first step to establish
such rules, behaviors of electron population terms, that is,
(ry) (N=Se, S, and O), are elucidated for pure p-type
atomic orbitals in HOMO and LUMO. The {ry’)yomo and
(r)Lumo values are well correlated with ey irrespective of
the calculation levels. They also correlated well with Q(N).
The plots are analyzed as two correlations for the values cal-
culated at the HF and MP2 levels. However, those for the
data at the B3LYP level can be analyzed as single correla-
tion. Namely, both (r3*)omo and (ry’) umo can be predicted
by Q(N). While ¢y cannot be assigned to the specified N in
M, Q(N) can be calculated for the specified N. The results
will establish a new method to analyze the chemical shifts
separately by the factor of charges, if o°(N) are calculated
with the DFT (B3LYP) method.

Investigations are in progress to establish a new method
to analyze the chemical shifts separately by the three fac-
tors.
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