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The 3C chemical shifts of several n-alkanes (CH,, C,H,, C;H,, C,H,o, C;H,,, C;H,y, and C,H,,) were cal-
culated using a linear combination of the gauge invariant atomic orbitals-molecular orbital theory of Pople and
the INDO and MINDO/2 methods, and the results were compared with the experimental data reported by Grant

et al.

The calculated chemical-shift differences among the carbons in these molecules were found to agree with

the observed data except in some cases, whereas the observed order of the chemical shift of the carbons in n-alkanes,
which have more than two magnetically nonequivalent carbons, cannot be interpreted by means of the average

excitation energy (4E) approximation.

Histograms showing the distribution of the excitation energies from

the occupied to unoccupied orbitals were obtained and compared with 4E.

The carbon-13(13C) NMR spectra of normal(n-) and
branched alkanes were at first studied in detail by Paul
and Grant.) These data were summarized by the
so-called “Grant’s empirical additivity rule”. An early
attempt to interpret these data theoretically was re-
ported by Yonezawa et al. using the average excitation
energy(4E) approximation for the paramagnetic term
governing the 3C chemical shift(c) of n- and branched
alkanes,? but their results agree only roughly with the
observed data. Recently they have tried to use various
values of 4E among the individual carbons in alkanes
and have suggested that the experimental data were
better explained by their method than by the usual
method of using a common value of AE for all the
carbons in an alkane molecule.®) Although the prac-
tical utility is large, this method has an ambiguity in
its theoretical basis from the point of view of molecular
orbital theory. Therefore it is important to consider
the AE approximation by means of another method
without this approximation. In this paper we attempt
to calculate precisely the 13C chemical shifts of n-alkanes
(CHy, CoHg, CyHg, CyH,yg, CiHyp, GoHyy, and C;H,g)
in which the large molecules still have not been treated
except for CH; and C,H,;, by a method based on
molecular orbital theory considering only the valence-
electron system, in place of the AE approximation, and
attempt to interpret theoretically the observed 3C
chemical shifts of large n-alkanes, which have not been
interpreted by the AE approximation. For this purpose,
we use Pople’s consideration? that ¢ may be estimated
as the sum of three terms—the diamagnetic and para-
magnetic contributions, and the contribution from elec-
trons on the other atoms in the molecule. The 13C
chemical shift is predominantly contributed, by the
second term.? Pople® has derived the so-called linear
combination of gauge invariant atomic orbitals-molec-
ular orbital (LCGI-MO) theory for Ramsey’s para-
magnetic shielding tensor® based on a series of approxi-
mations, commonly in linear combination of atomic
orbitals (LCAO-MO) theory. This approach enables
us to calculate the ¢ values approximately for large
molecules. Qur calculations have been done using
two different parametric self-consistent field (SCF) MO

theories, that is, the MINDO/29 and INDO methods®
modified for calculating the electronic excitation en-
ergies of organic compounds by Yamaguchi et al.9
The major difference between these two methods is in
the separation in orbital energies, which have a large
effect on the 13C chemical shift. As for the two MO
theories, the MINDO/2 method is said to interpret
better the excitation energy for z-system molecules with-
out taking the configuration interaction (CI) into
account, but for the electron density distribution, the
latter may give better results than the former. Thus,
in this paper the results of the two methods will be
compared with each other.

Theoretical

According to Pople, the chemical shielding, o,, of
the nucleus, A, is written as;

Gy = 6g + 0, + Dloup (1)
B5A

where o, is the diamagnetic term, ¢, the paramagnetic
term, and o,g, the neighbour anisotropy term. The
dominant factor usually governing 13C chemical shield-
ing is the paramagnetic term, whereas o4 does not
contribute predominantly. The neighbour anisotropy
term can be neglected because it is unlikely to exceed
a few ppm, as has been described by Pople.1®
The diamagnetic term was calculated as:?
04 = 445(3.25—0.35(g, —4.0))q, @
in which ¢, is the o-electron density on the carbon, A.
According to Pople’s LGGI-MO theory,? the para-
magnetic shielding is written as:
o, = —2N- A3, 3)
where x,* is the paramagnetic contribution of the A
atom to the susceptibility tensor; N, the Avogadro
number, and <r=3>,,, the mean value of r—3 with
respect to the 2p orbital (r: the distance between the

electron and nucleus). y,* is written by averaging
over the diagonal elements of the tensor as;

1t = g L a2y ()} *
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where;
(4 )x = (et mtet)3S ST(AE, ) ety —Consey)

5-1)

X )Q(viy.,%z., —Ci2uCiyn)

oce unoce
(X")yy = (Neh*m?c) 33 33 (AEg_5) ™ (CinCins — Cox,ens)
(5-2)

X E‘;—I‘ (ciznckxa - cixackza)

oce unoce
(XpA) 27z = (Nezh2/m262) 1‘2 k(gi) (A Ek—i) -1 (cix;\cky,x - viYAc’CXA)
(5-3)

X EB (ctxnclcyn - ciyackxa)

Here, cixa is the coefficient of the 2p, atomic orbital
on the atom of the ¢-th molecular orbital in the LCAO-

oce unoce
MO theory; >} and 3! are the summations over
i k(x1)
the occupied and unoccoupied orbitals; 3} runs over
=B

all the atoms in the molecule (including A), and AE,_;
is the singlet-singlet excitation energy between the i-th
occupied orbital and the k-th unoccupied one. AE,_;
is expressed as follows:

AEy ;= & — & — Ju + 2Ky, (6)

where ¢, and ¢; are the unoccupied and occupied
orbital energies and where J,; and K,; are the two-
electron Coulomb and exchange integrals. <r—3>,;
in Eq. (3) for the Slater 2p orbital of the A atom de-
pends primarily on the local electron density on the
carbon atom (—g¢’, e is the net charge) and is given
as;10

{r35g, = 34.332,-3(1—0.323¢,") /24 )

where g, is the Bohr radius. From the expressions
described above, the 3C chemical shieldings of n-
alkanes were estimated by the INDO and MINDO/2
methods for the valence-electron system.

Here, the C-C and C-H bond lengths used are set
at 1.54 and 1.10 A respectively, and all the C-C-C,
C-C-H, and H-C-H bond angles are set at 109°28’.11)

The calculations were carried out by means of the
HITAC-8800 computer of the Computer Centre of the
University of Tokyo.

Results and Discussion

Before calculating the 3C chemical shift of n-alkanes,
it would be helpful in understanding it to discuss the
electron density distributions, the orbital energies, the
excitation energies, and the ionization potentials as
calculated by the INDO and MINDO/2 methods.
Here, although n-alkane molecules with more than
three carbon atoms can take conformations containing
the gauche form other than the trans form in the liquid
state, only the frans form, which is the major conforma-
tion among the possible conformations, is involved
except for z-butane and n-pentane. The total electron
density and 2p electron density distributions in seven
kinds of n-alkanes, as calculated by the INDO and
MINDO/2 methods, are shown in Fig. 1, where the
latter is given in brakets. The total and 2p electron
densities on the carbon atoms as calculated by the
INDO method were found to give slightly larger values
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than those calculated by the MINDO/2 method.
Because <r—%>,, decreases with an increase in the
total electron density, the MINDO/2 method is found
to lead to a somewhat larger contribution of the para-
magnetic shielding than does the INDO method. Next,
let us examine the orbital energies of n-alkanes. The
values calculated by both methods are shown in Fig. 2.
It is found that the separations between the occupied
and unoccupied orbital energies calculated by the
MINDO/2 method are smaller than between those
calculated by the INDO method. Therefore, the
MINDO/2 method will give somewhat larger contribu-
tion to the paramagnetic shielding than will the INDO
method. Further, it will become a measure of the
magnitude of the paramagnetic contribution to show
the histograms of the singlet-singlet transitions from
occupied to unoccupied orbitals in alkanes. Therefore,
they are shown in Fig. 3, where the vertical axis of the
histogram indicates the number of transitions from
occupied to unoccupied orbitals and where the interval
of the excitation energy is 1 eV. (Such histograms for
molecules with z-electrons—for example, ethylene and
benzene, may not be appropriate, since the n-z*
transition of the transitions from occupied to unoccupied
orbitals does not contribute to the paramagnetic shield-
ing because of the orbital symmetry; therefore, the
vertical axis of the histogram should include the weight
of each transition in computing the contribution to the
chemical shift. However, in the molecules considered
here, a c-electron system, such histograms may be
useful in seeing the tendency of the distribution of the
excitation energy of n-alkanes without the weight.) As
is shown in Fig. 3, the excitation energies giving maxi-
mum values in the histograms of the transitions cal-
culated by the MINDO/2 and INDO methods shift to
higher energies with an increase in the number of
carbon atoms; their exicitation energies are about
9—10 and 14—15eV respectively, except for CH,
and C,H,;. Thus, the MINDO/2 method gives a value
about 5 eV lower than does the INDO method. The
former may be therefore expected to make a larger
paramagnetic contribution than the latter.

TABLE 1. THE CALCULATED AND OBSERVED IONIZATION
POTENTIALS OF n-ALKANES (eV)
Calculated
- .
INDO  MINDOjz Observed®
method method

CH, 16.71 13.15 12.95
C,H, 14.15 11.48 11.65
C,H, 12.91 10.88 11.08
CH,, 12.09 10.32 10.65
C;H,, 11.52 9.96 10.33
CeH,, 11.20 9.73 10.17
C.H,, 10.94 9.55 10.06

a) From Ref. 12.

Before concerning with the present purpose, we will
concern with the average excitation energy approxima-
tion. Our calculated results of the excitation energies
showing maximum values in the histograms by the
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Fig. 1. Total electron density and 2p electron density (with brackets) distributions of n-
alkanes calculated by INDO and MINDO/2 methods
a), a’) CHy; b), b’) CH; ¢), ') CgHy; d), d') CyHye. €), ) CsHy,; f), £) CeHuy; ),
g’) C;H,q. The prime indicates the electron density by MINDO method and other by
INDO method. All the conformations are #rans form.

MINDO/2 method are found to be near to the value
of AE in the average excitation energy approximation,
proposed by Poplel® for the o-system carbon atom.
These may become roughly one of the measures of the
value of AE, when the distribution of the histograms
is not broad. (According to this viewpoint, the ioniza-
tion potential may also become a measure of it. As
for the ionization potential, the results calculated by

the MINDO/2 method are somewhat lower values than
those calculated by the INDO method as shown in
Table 1. 'This corresponds to the above-obtained result
for the maximum value in the histogram.) Now, let
us particularly consider the large n-alkanes, and, as an
example, let us consider n-pentane by the following AE
approximation, with three magnetically non-equivalent
carbon atoms:
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Fig.2. Orbital energies of n-alkanes calculated by INDO
(a) and MINDO/2 (b) methods.

5 = — (@2 AE) T2 3] Qpp @

where;

3
QAB = ZéAB(pXAXB +pyAYB +pzun)
2
—?(pYAYszAzn +pzAznpxum + pXAXprAYB)

2
+§‘(py.‘zapnyn +pZAXBPXAZB +pXApryAXB) (9)

In these formulas, 3} is a summation over all the

atoms; J,p, the Kronecker symbol, and pxaxs, the
element of the matrix for the 2p, atomic orbitals on
the A and B atoms. When A=B, it is the charge
density in 2p, on the A atom, and when A#B, it is
the bond order between the two atomic orbitals. The
13C chemical shifts of n-pentane, as calculated by the
use of the AE approximation using the INDO and
MINDO/2 methods, are shown in Table 2, where
10eV is used as the value of AE. It is shown that
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Fig. 3. Histograms of number of the excitation from

occupied to unoccupied orbitals against the singlet—
singlet excitation energies of n-alkanes calculated by
INDO and MINDO/2 methods.

a), a’) CHy; b), b’) CoHy; ¢), ¢') C3Hy; d), d') CyHyes
e), €’) CsHy,; £), ) CgHy,; g), g") C,Hyg.  The prime
indicates the electron density by MINDO/2 method
and other by INDO method. All the conformations
are trans form.
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TaBLe 2. THE 13C CHEMICAL SHIFTS OF n-PENTANE CALCULATED BY THE 4E APPROXIMATION
usinGg THE INDO anp MINDQO/2 METHODS* AND THE OBSERVED ONES (ppm)

INDO method MINDO/2 method Observed?®

. PN

o4 o, G As™ 64 o, c 4o ¢ 4c™

CH,(1) 58.85 —206.68 —147.83 0 57.17 —225.75 —168.58 0 114.97 0

CH,(2) 58.20 —222.21 —164.01 —16.18 57.26 —238.42 —181.16 —12.58 106.13 —8.84
CH,(3) 58.31 —221.74 —163.43 —15.60 57.39 —239.57 —182.18 —13.60 94.17 —20.80

a) The conformation is the TT form. b) The CH carbon is the reference.

d) From Ref. 1.

c) The reference is benzene.

TaBLE 3. THE 13C CHEMICAL SHIFTS OF 7-ALKANES CALCULATED BY THE LCGI-MO THEORY USING
THE INDO anp MINDO/2 METHODS AND THE OBSERVED ONES® (ppm)

INDO method?® MINDO/2 method?® Observed
—t———
o4 o, ¢ As® o4 o, © As» o 4s™

CH, 59.42 —129.24 —69.82 57.07 —248.63 —191.56 130.8

CH,CH, 58.74 —132.24 —73.50 57.12 —234.05 —176.93 122.8
CH,CH,CH,

CH,(1) 58.85 —125.60 —66.75 0 57.20 -—-219.57 —162.37 0 113.10 0

CH,(2) 58.10 —137.32 —79.22 —12.47 57.21 -227.31 —170.10 —-7.73 112.62 —0.48
CH,CH,CH,CH,

CH,(1) 58.86 —120.69 —61.83 0 57.17 —206.55 —149.38 0 115.48 0

CH,(2) 58.21 —133.73 —75.52 —13.69 57.31 —222.36 —165.05 —15.67 103.68 —11.80
CH,CH,CH,CH,CH,

CH,(1) 58.85 —117.31 —58.46 0 57.17 —198.94 —141.77 0 114.97 0

CH,(2) 58.20 —129.27 —71.07 —12.51 57.26 —211.42 —154.16 —12.39 106.13 —8.84

CH,(3) 58.31 —130.87 —72.56 —14.10 57.39 —218.61 —161.22 —19.45 94.17 —20.80
CH,CH,CH,CH,CH,CH,

CH,(1) 58.85 —114.50 —55.65 0 57.18 —191.53 —134.35 0 114.82 0

CH,(2) 58.21 —125.86 —67.65 —12.00 57.28 —203.94 —146.66 —12.31 105.78 —9.04

CH,(3) 58.32 —128.03 —69.71 —14.06 57.37 —210.50 —153.13 —18.78 96.66 —18.16
CH,CH,CH,CH,CH,CH,CH,

CH,(1) 58.85 —112.31 —53.46 0 57.18 —186.06 —128.88 0 114.75 0

CH,(2) 58.21 —123.38 —65.17 —11.71 57.28 —196.33 —139.05 —10.17 105.70 —9.05

CH,(3) 58.32 —124.83 —66.51 —13.05 57.37 —203.71 —146.3¢ —17.46 96.30 —18.45

CH,(4) 58.33 —125.26 —66.93 —13.47 57.37 —204.77 —147.40 —18.52 99.23 —15.52

a) From Ref. 1.
d) The conformation is the TT form.

the chemical-shift difference between the CHy(1) and
CH,(2) carbons* agrees roughly with the experimental
value, but that between the CH,(2) and central CH,(3)
carbons does not agree with the experimental value
(in the INDO method the order of the CH,(2) and
CH,(3) carbons is opposite to that in the experimental
results.) Therefore, it is difficult to interpret the 13C
chemical shift of long n-alkane by means of the 4E
approximation. When n-alkanes have a broad distri-
bution of the exicitation energy, as is shown in Fig. 3,
it may be seen not to be plausible to estimate the *C
chemical shifts using a definite common value of 4E.

Next, let us discuss the 13C chemical shift of the
n-alkanes calculated by means of the LCGI-MO theory
using the INDO and MINDO/2 methods. The cal-
culated results are shown in Table 3. As has been
described above, the magnitudes of the paramagnetic

* The representation of n-pentane is as follows; CH,(1)-
CH,(2)-CH,(3)-CH,(2)-CH,4(1). The representations of the
other n-alkanes are the same as this.

b) The CH, carbon in a molecule is the reference.

c) The reference is benzene.

contribution as calculated by means of the MINDO/2
method are found to give larger values than those
calculated by means of the INDO method. We will
first discuss the chemical shifts of the carbons in each
n-alkane having more than two magnetically non-
equivalent carbon atoms. In the case of n-propane
calculated by the INDO and MINDO/2 methods, the
order of the CH, and CH, carbons in their chemical
shifts agrees qualitatively with the observed order, but
for the difference between the two carbons the cal-
culated value are too much larger than the observed
value. In the case of n-butane, the INDO method
gives a fairly good agreement with the observed results,
better than the MINDO/2 method. In the case of
n-pentane, although, as has been mentioned above, we
could not interpret the observed chemical-shift dif-
ference between the CH,(2) and CH,(3) carbons when
we used the 4E approximation, the LCGI-MO theory
using the MINDO/2 method gives good agreement
between the calculated and observed results, while the
INDO method does not give good results quantita-



1102

tively, for the chemical-shift difference between the
CH,(2) and CH,(3) carbons, although the qualitative
orders of the carbons agree with each other. In the
case of n-hexane, the MINDO/2’s calculation agrees
well with the observed results, but the INDO’s cal-
culation does not give good results for the chemical-
shift difference between the CH,(2) and CH,(3) car-
bons as well as in the case of n-pentane. In the case
of n-heptane, the observed four signals of the carbon
atoms are assigned in order of the CH,(1), CH,(2),
CH,(4), and CH,(3) carbons from the high field (the
chemical-shift difference between the CH,(3) and CH,-
(4) is small). In the MINDO/2 method, the chemical
shifts of the CHj;(1), CH,(2), and CH,(3) carbons
agree with the observed ones, but the CH,(4) carbon
appears at a slightly lower field than the CHy(3)
carbon. In the INDO method the chemical shifts of
the other carbons except for the chemical-shift difference
between the CH,(1) and CH,(2) carbons disagree with
the observed results.

As may seen be from Table 3, the observed values of
the 1*C chemical shifts in a molecule could be better
explained by the MINDO/2 method than by the INDO
method, although one of the causes of some discrepancies
may be the simple #rans planar form.

Next, with respect to n-butane and n-pentane, we
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Fig. 4. Total electron density and 2p electron density
distributions of the G form in n-butane (a), and of the
TG (b) and GG (c) forms in n-pentane calculated by
MINDO/2 method.
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Fig. 5. Orbital energies of the T and G forms in n-butane
and of the TT, TG and GG forms in n-pentane calcu-
lated by MINDO/2 method.

will discuss the effect of possible rotational isomers on
the chemical shift. Here the MINDO/2 method was
used, because it gives better results than the INDO
method in the TT form of n-pentane. The electron-
density distributions and the orbital energies of the G
form in n-butane and of the TG and GG forms in
n-pentane are shown in Figs. 4 and 5 respectively.
The latter is shown together with the trans forms.
Histograms of the number of the excitation against

(a) C4Hyo (G)

llkndiad_d

40 ey

(b) CgHyp(TG )

il ol A

40 ey

(¢) CgHy2(GG)

alll.l o0

10 40 ev

Fig. 6. Histograms of number of the excitation from
occupied to unoccupied orbitals against the singlet—
singlet excitation energies of the G form in n-butane
(a), and of the TG, GG forms in n-pentane calculated
by MINDO/2 method.
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TaBLE 4. THE 13C CHEMICAL SHIFTS OF n-BUTANE AND 7-PEN-
TANE CALCULATED BY THE LCGI-MO THEORY USING
TtuE MINDO/2 METHOD FOR THEIR PREFERRED
ISOMERS AND STATISTICALLY AVERAGED STATES
at 300 K, using 570 cal/mcl As AE,

13C chemical shifts (ppm)

l

64 o, c Ac®
CH,CH,CH,CH;,

T  CHy(l) 57.17 —206.55 —149.38 0
CH,(2) 57.31 —222.36 —165.05 —15.67

G CH,(l) 57.35 —209.37 —152.02 0
CH,(2) 57.27 —221.11 —163.84¢ —11.82

CH,CH,CH,CH,CH,

TT CHy(1) 57.17 —198.94 —141.77 0
CH,(2) 57.26 —211.42 —154.16 —12.39
CH,(3) 57.39 —218.61 —161.22 —19.45

TG CH,(l) 57.15 —199.40 —142.25 0
CH,(2) 57.45 —212.61 —155.16 —12.91
CH,(3) 57.36 —214.14 —156.78 —14.53
CH,(4) 57.24 —209.27 —152.03 —9.78
CH,(5) 57.36 —201.01 —143.65 —1.40

GG CH,(l) 57.34 —203.36 —146.02 0
CH,(2) 57.42 —211.31 —153.89 —7.87
CH,(3) 57.32 —214.32 —157.00 —10.98

Averaged CH,CH,CH,CH,»
CH,(1) 57.25 —207.77 —150.52 0
CH,(2) 57.29 —221.82 —164.53 —14.01
CH,CH,CH,CH,CH;®
CH,(1) 57.25 —200.17 —142.92 0
CH,(2) 57.32 —211.14 —153.82 —10.90
CH,(3) 57.36 —215.72 —158.36 —15.44

a) The CH,(1) carbon in a molecule is the reference.
b) n-Butane: averaged over the T, G, and G’ iso-
mers. c) n-Pentane: averaged over the TT, TG,
TG’, GT, G'T, GG, and G’G’ isomers.

their singlet-singlet excitation energies are also shown
in Fig. 6. These results do not differ greatly from
those of the trans forms shown in Fig. 3. The difference
in the electron density among the carbons in the con-
formation containing the gauche form is shown to be
smaller than that in the #rans form.- On the other hand,
the separation of the occupied and unoccupied orbital
energy levels in the conformation containing the gauche
form is shown to be somewhat larger than that in the
trans form. Therefore, these results predict that the
conformations containing the gauche form may give a
smaller chemical-shift difference among the carbons
than does the trans form. These calculated results are
tabulated in Table 4. As has been predicted, in the
conformations containing the gauche form their chemical-
shift differences between the CH; (1) and CH,(2) car-
bons in n-butane, and between the CH,(2) and CH,(3)
carbons in n-pentane, are somewhat smaller than the
corresponding values in the frans forms. The observed
results should be compared with the calculated results
averaged over all the possible conformations (T, G,
and G’ for n-butane; TT, TG, TG’, GT, G'T, GG,
and G'G’ for n-pentane) using the following equation :¥

n
Oav = ;Xici (10)
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where;

n
X, = ¢—AE/RT[S g~ AE:/RT
7

in which X; and o; are the fraction and the chemical
shift of the i-th isomer respectively. R is the gas con-
stant; 7T, the absolute temperature, and E;, the energy
difference between the irans form and the i-th isomer.
Here, 570 cal/mol'¥ is used as the value of the energy
difference between the #rans and gauche forms, and
300 K is used as the temperature. These results are
also tabulated in Table 4, where the chemical shifts
of the carbons in the G and G’ forms of n-butane are
equal to each other; also, those of the carbons in the
TG and TG’, the GT and G'T, and the GG and G'G’
forms of n-pentane are equal to each other. These
agree relatively well with the observed results. Fur-
thermore, from the results of the chemical-shift dif-
ference between the CH; and CH, carbons in the
conformations containing the gauche form of n-butane
and n-pentane, the difference is predicted to decrease
with an increase in the temperature. However, the
observed results of n-butane'® and n-pentane!® in neat
liquid are opposite to the calculated ones. The reason
for this is that the chemical-shift difference between
the CH; and CH,, carbons of the conformation contain-
ing the gauche form is too small compared with that of
the trans form.

As has been mentioned above, the LCGI-MO theory
was found to interpret well the tendencies of the
chemical shift of the carbons in a molecule. However,
Table 4 shows that the quantitative agreement between
the calculated and observed chemical shifts of the car-
bons among the molecules is not satisfactory. This
discrepancy arises partly from the MO theories, which
do not strictly estimate the singlet-singlet excitation
energies among the n-alkanes considered. Further,
some other factors may be pointed out. A molecular
orbital approximation cannot give an exact value for
the energy of a molecule because it usually neglects
the electron correlation due to the mutual Coulomb
repulsion of the electrons. Some approximations are
made for this in both the INDO and MINDO/2 treat-
ments by the adjustment of the parameter, but there
is a limit to this kind of adjustment. Thus, to improve
our calculation it will be necessary to take the con-
figuration interaction into account in the future.
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