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A complex procedure for quantitative allowance for small but significant effects of molecu�
lar orientation by strong static magnetic fields was elaborated. A series of high�resolution
1H NMR spectra of 1,2,3�trichloronaphthalene recorded at magnetic field strength varied over
a wide range was analyzed in the framework of a unified approach with high accuracy. The
spin�spin coupling constants and the dipole�dipole coupling constants for all pairs of 1H nuclei
and the anisotropy and rhombicity parameters of the magnetic susceptibility tensor of the
molecule were determined. Ab initio CSGT/RHF quantum chemical calculations of this prop�
erty using a wide range of conventional diffuse and polarization basis set functions were carried
out. Augmentation of the basis set with polarization functions affects the values of the calcu�
lated parameters to a lesser extent compared to augmentation with diffuse functions. The
results of calculations using the 6�311G(df) and 6�311++G(df) basis sets are in good agree�
ment with the experimental values of the magnetic susceptibility anisotropy for 1,2,3�tri�
chloronaphthalene. The advantages of the method proposed and specific features of the effects
of orientation by magnetic field as a new source of information on the structure of molecules in
solution are discussed.
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NMR spectroscopy belongs to key methods of investi�
gation of the structures and properties of compounds in
solution. Recently, strong and very strong magnetic fields
(10—20 T and greater) have been more and more often
used. On the one hand, this improves the sensitivity of the
method and facilitates interpretation of NMR spectra. On
the other hand, this creates pre�requisites for manifesta�
tion of the effects of orientation of molecules in strong
magnetic fields. This phenomenon was disclosed quite
recently;1 it is due to the interaction of permanent mag�
netic field with the induced magnetic moment of a mol�
ecule.2 The energy of this interaction is low compared to
the energy of thermal motion, which prevents molecules
from being ordered, and the resulting extent of orienta�
tion of small molecules by magnetic field in isotropic
media is low. In liquids and gases the orientation effects
can manifest themselves in NMR spectra owing to aniso�
tropic interactions of nuclear spins, namely, a non�van�
ishing direct interaction between nuclear dipoles and the
interaction of the nuclear quadrupole moment with the
local electric field gradient produced by the environment.

Detailed analysis of the manifestation of this new physical
phenomenon can provide important information on the
conformational state of molecules containing specifically
oriented aromatic residues including such complex ob�
jects, as natural proteins, DNA, and their complexes in
solution.3,4 The aim of this study was to elaborate a method
of extracting full spectral and structural information on
aromatic polycyclic compounds that exhibit the orienta�
tion effects in strong magnetic fields.

Until recently, information on the orientation effects
was mainly obtained by measuring quadrupole splittings
in 2H NMR spectra of selectively deuterated deriva�
tives.5—7 But this requires the synthesis of these com�
pounds; additionally, deuterium signals are broadened due
to fast relaxation and measured with low accuracy and the
calculation procedure8 is rather complicated. Taken alto�
gether, this significantly restricts the field of application
of the method. Information on the orientation effects can
also be extracted from 1H NMR spectra of symmetrical
molecules containing groups of chemically equivalent pro�
tons, namely, o�dichlorobenzene,9 naphthalene,10 and
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13C�enriched benzene.11 In the corresponding spin sys�
tems, the dipole�dipole coupling constants explicitly
manifest themselves in NMR spectra (for more detailed
treatment of the issue, see Ref. 9), which allows the values
of the orientation parameters to be determined in the
course of accurate analysis.9—11

The NMR spectra of less symmetrical molecules con�
taining no groups of equivalent nuclei recorded on spec�
trometers operating at high frequencies are, as a rule,
similar to first�order spectra. Analysis of the multiplet
structure of such spectra permits the determination of the
equidistant distances corresponding to, e.g., the interac�
tion of a pair of nuclei A and X (∆νAX), which in the first�
order approximation are equal to the algebraic sum of the
spin�spin coupling constants JAX and the dipole�dipole
coupling constants DAX 12,13:

∆νAX = |JAX + 2DAX|, (1)

Clearly, in this situation it is impossible to estimate the
JAX and DAX constants separately without using additional
information. At the same time from the theory of orienta�
tion effects it follows that the dipole�dipole coupling con�
stant should be proportional to the squared magnetic field
strength (for details, see the text below) and this depen�
dence can be used for separation of the constants. Earlier,
in studies of benzofuran14 and benzothiophene15 this was
done using a method based on joint processing of NMR
spectra recorded on spectrometers with both low and high
magnetic field strength. In this work we will demon�
strate the possibilities of the ALIGN (abbreviation of
ALIGnment—orientatioN) procedure we have developed,
which makes it possible to process an arbitrary number of
spectra of arbitrary complexity, recorded on different spec�
trometers operating at different frequencies in the frame�
work of a unified approach.

1,2,3�Trichloronaphthalene (1) was chosen as the ob�
ject of investigation. The molecule of this compound has
a well�developed π�electron system, which is sufficient
for providing a necessary degree of orientation. Molecule 1
contains five nonequivalent protons and has no substitu�
ents responsible for undesired line broadening effects. The
1H NMR spectra of compound 1 are described by a com�
pact and relatively weakly coupled five�spin system (see
Ref. 16). After careful tuning of the magnetic field homo�
geneity we recorded well�resolved 1H NMR spectra of
solutions of compound 1 in acetone�d6 on four different�
class spectrometers, which made it possible to study the
orientation effects over a wide range of changes in mag�
netic field strength.

Experimental

1H NMR spectra of compound 1 were recorded on spec�
trometers with a magnetic field of 4.70 T (Bruker AC�200),

9.39 T (Varian VXR�400), 11.74 T (Bruker DRX�500), and
14.09 T (Bruker AV�600), operating at frequencies of 200, 400,
500, and 600 MHz, respectively. In all cases measurements were
carried out using an increased flow rate of heat carrier gas (15 to
19 L min–1) after setting the temperature during a long time
(minimum 30 min). The temprature was preliminarily calibrated
using conventional MeOH reference (see Ref. 17). According to
our estimates, under these conditions the temperature (303.5 K
for the experiments with all spectrometers used) was set with an
accuracy of ±0.2 K and the uncertainty of temperature setting in
bulk samples was at most ±0.1 K. This allowed us to perform
fine tuning of the magnetic field homogeneity. The data acquisi�
tion time was 30 to 50 s. The Lorentzian lineshape was trans�
formed into Gaussian one with a resolution enhancement factor
of 2.0—2.5 and the free induction decay data array was comple�
mented with zeros in order to provide a digital resolution of
about 0.001 Hz after the Fourier transformation. The sample of
compound 1 (2 M solution (0.67 mL) in acetone�d6) was syn�
thesized following a known procedure,16 degassed, and sealed in
a 5�mm NMR tube.

The structures of compound 1 and of the model compounds
(benzene, chlorobenzene, and naphthalene) were optimized by
the RHF method with the 6�311++G(dp) basis set using the
GAUSSIAN�98 program;18 integrals were calculated with in�
creased accuracy (Grid = UltraFine).

Ab initio calculations of parameters of the magnetic suscep�
tibility tensor were carried out by the CSGT method19,20 in the
RHF approximation with various basis sets (for details, see text
below) using the GAUSSIAN�98 program; integrals were also
calculated with increased accuracy.

Results and Discussion

Generally, high�resolution NMR spectra with allow�
ance for the orientation effects can be described using the
five�term spin Hamiltonian formalism12:

H = HZ + Hσ + HJ + HD + HQ, (2)

where HZ, Hσ, HJ, HD, and HQ respectively describe the
Zeeman interaction, the nuclear shielding by the system
of electrons, the indirect spin�spin interaction, the direct
dipole�dipole interaction, and the quadrupole interaction
(for the nuclei with the spins I > 1/2). In conventional
isotropic liquids and gases, Brownian motion of particles
causes rapid fluctuations of nuclear spin interactions with
time and averaging of parameters of the Hamiltonian (2).
In the absence of the orientation effect all positions of a
molecule relative to the external field direction are
equiprobable and the direct dipole�dipole interaction and
anisotropic quadrupole interaction vanish upon averag�
ing. Therefore, one deals with a conventional "isotropic"
high�resolution Hamiltonian including the first three
terms in Eq. (2). However, if the orientation effects im�
pose certain restrictions on the molecular motion, the
tensor nature of the interactions HD and HQ explicitly
manifests itself in the NMR spectrum. This can be ac�
companied by the appearance of additional splitting of
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spectral lines or by deviation of the spin�spin coupling
constants observed from their conventional values.9,12—15

Model for orientation effects. It is appropriate to ex�
press the parameters of the Hamiltonian (2) in the labora�
tory system of coordinates (x´, y´, z´) in which the mea�
surements are carried out and the z´ axis is directed along
the vector of external magnetic field B

→
0 (Fig. 1). The

properties of the molecule under study can be more con�
veniently represented in the molecular system of coordi�
nates (x, y, z). The orientation of the molecule in a mag�
netic field is characterized by the magnetic susceptibil�
ity χ (second�rank tensor). By choosing a local system of
coordinates (x″, y″, z″) in such a manner that the tensor χ
be diagonal (χx″y″ = χx″z″ = χy″z″ = 0), it is sufficient to use
two independent orientation parameters, namely, aniso�
tropy (∆χ) and rhombicity (δχ) of the tensor χ, which are
determined by the eigenvalues of this tensor:

∆χ = χz″z″ – 0.5(χx″x″ – χy″y″), (3)

δχ = χx″x″ – χy″y″.

Establishment of exact correspondence between the
directions of the principal axes of the tensor χ and the
axes of the molecular system of coordinates requires speci�
fication of three angles. In the case of orientation of pla�
nar diamagnetic aromatic molecules the situation is sig�
nificantly simplified. The available published data unam�
biguously indicate that in these compounds the principal
axis of the magnetic susceptibility tensor χzz is directed
normal to the molecular plane.12 Therefore, unambigu�
ous specification of the axes requires the knowledge of
one angle. The second and third axes of the tensor χ are
usually directed in such a manner that |∆χ| > |δχ| (Fig. 2).

When an aromatic molecule is placed in a constant
magnetic field, the induced magnetic moment ∆µ is di�

rected along the z axis of the molecular system of coordi�
nates. The negative sign of the parameter ∆χ indicates
that the vector ∆µ is directed antiparallel to the external
magnetic field. The preferred orientation of the molecule
in magnetic field is such that the z axis of the molecular
system of coordinates be orthogonal to the direction of
the vector of the magnetic field B

→
0.21

The Hamiltonian of the dipole�dipole interaction can
be written as follows:

. (4)

The tensor parameter Dij characterizes the energy of the
interaction between the magnetic moments of the spins i
and j and is determined by the magnetic properties of the
interacting nuclei and their mutual position in space:

, (5)

where µ0 is the magnetic permeability of vacuum, γi and γj
are the magnetogyric ratios for the nuclei i and j, respec�
tively, and r is the vector connecting the interacting nu�
clei i and j. The uniaxial tensor Dij has a zero spur and its
principal axis is parallel to the vector r. The energy of the
dipole�dipole interaction is determined by the projection
of Dij on the direction of the magnetic field B

→
0. The full

Hamiltonian of the system of oriented nuclei (I = 1/2)
written with allowance for the dipole�dipole interaction
has the form:

. (6)

This expression includes the projection operators of the
spin moment on the quantization axis z´ (Îz´i) and the
raising and lowering operators (Îi

+, Îj
–, Îi

–, and Îj
+), which

act on the spin states of the nuclei i and j. In the first�
order approximation one can restrict himself to the first

Fig. 1. System of coordinates for axially symmetrical molecule
represented by a cylinder; the principal axis z makes an angle θ
with the direction of constant magnetic field (vector B

→
0).

B
→

0

z

y

x
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z´

Fig. 2. Geometric parameters of 1,2,3�trichloronaphthalene mol�
ecule and orientations of the axes of the molecular system of
coordinates (x, y) and of the principal axes of the magnetic
susceptibility tensor (x″, y″).
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two terms of the Hamiltonian (6). This unequivocally
leads to expression (1) for the corresponding equidistant
distances in NMR spectra.

Strictly speaking, the parameters νi, Jij, and Dij in
Eq. (6) should be considered as projections of the corre�
sponding tensors on the z´ axis. According to theoretical
estimates and scarce experimental data,22 the tensors of
the spin�spin coupling constants (especially, JH,H con�
stants) are characterized by relatively weak anisotropy,
which can be ignored when describing weak orientation
effects in isotropic liquids. The tensor character of the
shielding parameters can cause orientation�induced shifts
of spectral multiplets, but this effect is also weak. Quanti�
tative characterization of the effect requires elaboration
of an approach based on the results of ab initio calcula�
tions of the components of the shielding tensor. The ori�
entation effects influence the NMR spectral shape mainly
through the dipole�dipole interaction.

Transformations using the properties of symmetry and
the zero spur of the tensor D give the following expression
for the constant of the dipole�dipole coupling between
the nuclei i and j:

, (7)

where θx″r, θy″r, and θz″r are the angles between the
vector rij and the axes of the local system of coordi�
nates x″, y″, and z″, respectively. The ordering parameters
Sxx, Syy, and Szz determine the orientation of the whole
molecule relative to the magnetic field. They are unam�
biguously related to the values of the ordering parameters:

Szz = ∆χB0
2/(15µ0kT ),

0.5(Sxx – Syy) = δχB0
2/(15µ0kT ), (8)

where k is the Boltzmann constant and T is absolute tem�
perature. Substituting the parameters (8) into expres�
sion (7) gives the desired relationship for the dipole�di�
pole coupling constant using the parameters of the mag�
netic susceptibility tensor:

. (9)

Relationship (9) establishes the correspondence between
the observed dipole�dipole coupling constants Dij, the
parameters of the magnetic susceptibility tensor, the in�
ternuclear distances, and the angles.

Analysis of NMR spectra. We began our study
with qualitative analysis of the orientation effects for
1,2,3�trichloronaphthalene. Using an iterative procedure

UEAITR,12 we analyzed a series of 1H NMR spectra re�
corded on spectrometers operating at different frequen�
cies and determined the chemical shifts and the spin�spin
coupling constants using the Hamiltonian (6) with zero
dipole�dipole coupling constants. We thus obtained the
preliminary (ignoring the orientation effects) estimates
of the spin�spin coupling constant Jij

200, Jij
400, Jij

500,
and Jij

600, each of them being linearly dependent on the
squared magnetic induction B0

2 (Fig. 3). All the plots
have negative slopes (the shorter the distances between
the spin�coupled nuclei the larger the slope). The largest
slopes were obtained for three vicinal spin�spin cou�
pling constants characterizing the interaction between
ortho�protons (3JH(5),H(6), 

3JH(6),H(7) and 3JH(7),H(8), see
Fig. 3, a) and for the spin�spin coupling constants through
four bonds for peri�protons (4JH(4),H(5), see Fig. 3, b). The
slopes of the dependences of all these constants on B0

2 are

Fig. 3. Intra�ring (a) and inter�ring (b) spin�spin coupling con�
stants Jij estimated ignoring the orientation effects for 1,2,3�tri�
chloronaphthalene plotted vs. squared magnetic induction B0

2.
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nearly equal to one another and all pairs of protons are
separated by similar interatomic distances lying in the
narrow range from 2.457 to 2.488 Å (see Fig. 2). The
results obtained are in qualitative agreement with the sim�
plest orientation model using an uniaxial magnetic sus�
ceptibility tensor, which includes only the anisotropy ∆χ
normal to the molecular plane (rhombicity parameter δχ
is negligible). For the protons in meta� (4JH(5),H(7)
and 4JH(6),H(8), see Fig. 3, a) and para�positions
(5JH(5),H(8), see Fig. 3, a) relative to one another the abso�
lute value of the slope is about 6 and 9 times smaller,
respectively, which is also in good agreement with the
data on the interatomic distances in the framework of the
model of uniaxial tensor, namely, 4.295 Å (rH(5)—H(7))
and 4.292 Å (rH(6)—H(8)) for meta�protons and 4.971 Å for
para�protons. Long distances between pairs of the inter�
ring protons H(4) and H(6) (4.772 Å), H(4) and H(7)
(5.928 Å) and ansa�protons H(4) and H(8) (5.567 Å) in
the framework of the same model determine the small
slope of the dependences of the corresponding long�range
spin�spin coupling constants through five and six bonds
on the magnetic field strength.

Interestingly, the character of the slope of the linear
dependences on the squared magnetic induction B0

2 (see
Fig. 3) can be used for the determination of absolute signs
of the spin�spin coupling constants without performing
complex additional experiments.17 For planar aromatic
molecules in the framework of the model for uniaxial
magnetic susceptibility tensor one should expect negative
values of the dipole�dipole coupling constants and the
observed splittings in the spectra should decrease for posi�
tive spin�spin coupling constants or increase for negative
ones on going to the spectra recorded at higher magnetic
field strength (see expression (1)). The absolute values of
all six intra�ring spin�spin coupling constants for com�
pound 1 decrease on going to stronger fields (see Fig. 3).
A similar situation occurs in the case of positive inter�ring
coupling constants through five bonds, 5JH(4),H(6) and
5JH(4),H(8), whereas for the negative inter�ring coupling
constants through an even number of bonds (4JH(4),H(5)
and 6JH(4),H(7)) transition to higher fields is accompanied
by an increase in the absolute value of the correspond�
ing splitting in the high�resolution NMR spectra (see
Fig. 3, b). These observations can be considered as inde�
pendent substantiation of the conclusions about the signs
of the inter�ring spin�spin coupling constants JH,H for
naphthalene derivatives.10,16

To obtain the best�fit estimates of the orientation pa�
rameters that describe the totality of spectral data in the
framework of the orientation model mentioned above, we
propose a procedure for simultaneous processing of all
available spectra. The parameters to be estimated include
the spin�spin coupling constants Jij

0 (one set of param�
eters for all the spectra studied) and the dipole�dipole
coupling constants that characterize individual spectra.

In our case one should determine four groups of constants
(Dij

200, Dij
400, Dij

500, and Dij
600) characterizing the spectra

recorded on the spectrometers operating at 200, 400, 500,
and 600 MHz, respectively. The spectra were processed
using the ALIGN program developed in this study. The
first stage of the computational scheme includes a series
of iterative calculations of each spectrum ignoring the
orientation effects and analysis of the dependences of the
apparent spin�spin coupling constants on B0

2 as described
above. In the next stage these dependences are analyzed
to estimate the dipole�dipole coupling constants in the
first�order approximation and to classify the NMR spec�
tral parameters into the field�dependent dipole�dipole
coupling constants (Dij) and field�independent spin�spin
coupling constants (Jij

0). The parameters Jij
0 are deter�

mined by extrapolating the solution of the equations of
the type

Jij
0 = Jij — ΛijB0

2, (10)

to zero B0 value. Equation (10) implies that the param�
eters Λij (doubled first partial derivatives of the dipole�
dipole coupling constants with respect to B0

2) are inde�
pendent of B0

2. Then, the dipole�dipole coupling con�
stants for any spectrum studied are estimated in the first�
order approximation using the expression

Dij = 0.5(Jij – Jij
0). (11)

The estimates of the Jij
0 and Dij constants and the

chemical shifts are then used as parameters of the intial
approximation for the next series of calculations of the
spectra using the Hamiltonian of oriented spin system (6).
The best correspondence between the frequencies of the
experimental lines and transitions for all theoretical spec�
tra is found by varying the values of the chemical shifts
(separately for each spectrum) and the dipole�dipole cou�
pling constants. Taking into account the mutual correla�
tion between the spin�spin coupling constants and the
dipole�dipole coupling constants for nearly�first�order
strong�field spectra, the Jij

0 constants are not varied.
The computational scheme is an iterative one. Subse�

quent iterations are required to refine the estimates of the
Dij and Jij

0 parameters in order to obtain the best�fit de�
scription of all experimental data provided the minimum
possible deviation from the following relationship

Dij = 0.5ΛijB0
2. (12)

The course of the iterative procedure is monitored by
calculating the total root�mean�square deviation (RMSD)
of the frequencies of the experimental components from
the frequencies of theoretical transitions. A set including
305 frequencies from the four NMR spectra of 1,2,3�tri�
chloronaphthalene meets the convergence criteria after
four iterations; here, the RMSD is 0.0018 Hz (it de�
creases by less than 0.01% in the last iteration). The num�
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ber of the assigned transitions (N ) and the RMSD values
are listed below.

Operating 200 400 500 600
frequency/MHz

N 70 80 77 78
RMSD/Hz 0.0027 0.0020 0.0019 0.0005

The final spin�spin coupling constants and field�de�
pendent dipole�dipole coupling constants are listed in
Table 1.

Clearly, the accuracy of experiments is critical to reli�
able detection of weak orientation effects. For the multi�
spectrometer method we propose here it is important to
have well�resolved NMR spectra recorded on both low�
field and high�field spectrometers. It is believed that high�
resolution NMR spectra can be recorded more easily on
spectrometers operating at frequencies of 200, 250,
or 300 MHz for 1H nuclei (relatively weak magnetic field
induction). Attainment of a necessary resolution of
~0.1 Hz on, e.g., a 200�MHz spectrometer requires that
the magnetic field inhomogeneity be equal to ~5•10–10 of
the nominal B0 value. The same resolution on a 600�MHz
spectrometer formally requires that the magnetic field in�
homogeneity be three times lower, i.e., about 1.5•10–10

of the nominal B0 value. However, analysis of the data

listed in Table 1 indicates that the accuracy of determina�
tion of spectral parameters using the spectra recorded on
high�field spectrometers is usually higher compared to
the results obtained with low�field instruments. This seems
to be due to the fact that the last�generation high�field
spectrometers are equipped with improved frequency syn�
thesizers and data processing system.

The computational scheme includes an iterative pro�
cedure. In each step, all variables are separated into field�
independent spin�spin coupling constants and field�de�
pendent dipole�dipole coupling constants using the least
squares method. The next iteration steps allow for possible
deviations from the model used owing to strong nuclear
coupling effects in the non�first�order NMR spectra.

The next stage of analysis of the orientation effects in
compound 1 consists in determination of the orientation
parameters of molecules. A robust system of equations of
the type (9) for all dipole�dipole coupling constants (see
Table 1) was solved by the nonlinear least squares method
(Levenberg—Marquardt version) using the ALIGNSHP
program. In symmetrical molecules, e.g., naphthalene the
axes of the molecular system of coordinates (x, y, z) coin�
cide with the principal axes of the magnetic susceptibility
tensor χ (x″, y″, z″). For less symmetrical molecules (e.g.,
benzofuran or 1) the x and x″ axes make an angle α (see
Fig. 2).14,15 Clearly, the parameter δχ depends on the
angle α. In this study the y axis of the molecular system of
coordinates was directed from the C(9) to the C(10) atom
(the midpoint of the C(9)—C(10) bond was specified as
the origin) and the x and y axes were directed in such a
manner that the x and y coordinates of the atoms of the
ring containing substituents be positive (see Fig. 1). The
final values of the three desired parameters of the mag�
netic susceptibility tensor ∆χ and δχ and the angle α for
compound 1 are listed in Table 2. The solution obtained
for all the forty dipole�dipole coupling constants studied
in this work is characterized by a RMSD of 0.0006 Hz,
which is only slightly larger than the average error of
experimental data. A correlation between the experimen�
tal and theoretical values (Fig. 4) exhibits no missing
points. Apparently, it is possible to calculate the constants
with an accuracy as high as the experimental error by
allowing variation of particular geometric parameters of
molecule 1. However, we believe that the structure of the
rigid naphthalene moiety obtained by optimization using
a rather wide basis set should not further be refined.

It is interesting to estimate the maximum possible ac�
curacy of the determination of geometric parameters based
on the orientation effects. A specific feature of this proce�
dure is such that the highest accuracy can possibly be
obtained for those atoms in the molecule that are sepa�
rated by the shortest distances, namely, the ortho� or
peri�protons in the naphthalene molecule (r ≈ 2.5 Å),
pairs of diastereotopic geminal protons of CH2 groups
(r ≈ 1.8 Å), etc. From the data listed in Table 1 it follows

Table 1. True spin�spin coupling constants Jij
0 and dipole�dipole

coupling constants Dij
200, Dij

400, Dij
500, and Dij

600 determined
using simultaneous analysis of a series of NMR spectra of
1,2,3�trichloronaphthalene recorded on spectrometers operat�
ing at frequencies of 200, 400, 500, and 600 MHz, respectively*

Nuclei Jij –Dij
200 –Dij

400 –Dij
500 –Dij

600

H(4),H(5) –0.4682 0.0030 0.0125 0.0189 0.0276
(0.0004) (0.0006) (0.0004) (0.0004) (0.0001)

H(4),H(6) 0.2771 0.0005 0.0019 0.0036 0.0045
(0.0004) (0.0006) (0.0004) (0.0004) (0.0001)

H(4),H(7) –0.1622 0.0003 0.0013 0.0010 0.0025
(0.0005) (0.0008) (0.0004) (0.0004) (0.0001)

H(4),H(8) 0.8444 0.0003 0.0006 0.0016 0.0020
(0.0004) (0.0006) (0.0004) (0.0004) (0.0001)

H(5),H(6) 8.3046 0.0034 0.0136 0.0214 0.0304
(0.0004) (0.0005) (0.0004) (0.0004) (0.0001)

H(5),H(7) 1.2346 0.0004 0.0020 0.0032 0.0047
(0.0005) (0.0007) (0.0004) (0.0004) (0.0001)

H(5),H(8) 0.7229 0.0004 0.0014 0.0022 0.0032
(0.0004) (0.0006) (0.0004) (0.0004) (0.0001)

H(6),H(7) 6.9544 0.0035 0.0110 0.0179 0.0266
(0.0004) (0.0005) (0.0004) (0.0004) (0.0001)

H(6),H(8) 1.1337 0.0004 0.0022 0.0039 0.0050
(0.0004) (0.0006) (0.0004) (0.0004) (0.0001)

H(7),H(8) 8.6470 0.0037 0.0113 0.0189 0.0279
(0.0004) (0.0007) (0.0004) (0.0004) (0.0001)

* All constants (in Hz) were measured for 2 M solution in ac�
etone�d6 at 303 K; figures in parentheses denote the standard
deviations.
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that the relative error of measurement of the coupling
constants Do can lie within 0.3—0.4% or be even smaller.
Geminal protons are separated by even shorter distances;
therefore, here one can expect a higher accuracy for Dgem
(about 0.1—0.2%). Since the internuclear distances are
cubed in expression (9), the relative accuracy of determi�
nation of these parameters should be three times higher
than the accuracy of determination of the coupling con�
stants. Therefore, one can expect that the method allows
highly acurate estimates of the internuclear distances (rela�
tive error ~0.05%), which is of interest for structural
studies. The orientation effects provide unique informa�

tion and make it possible to determine the relative posi�
tions of protons (this is a severe problem in X�ray diffrac�
tion and gas�phase electron diffraction studies). A natural
limitation of this method is that it explicitly treats posi�
tions of only those atoms that have magnetic isotopes in
the molecule. Useful information on the structure of the
molecular skeleton can be obtained by studying the
13C� and 15N�enriched compounds.

Ab initio quantum chemical calculations of the magnetic
susceptibility. Valuable information on the molecular
structure can be obtained by comparing experimental data
with independent thoretical estimates of parameters of
the magnetic susceptibility tensor of the molecule. Mod�
ern quantitative theory of the magnetic properties of mol�
ecules is based on the results of ab initio quantum chemi�
cal calculations. Recently, it was proposed to calculate
the magnetic susceptibility using the CSGT (Continuous
Set of Gauge Transformations) method,23 which proved
itself in thoretical prediction of the magnetic properties
of hydrocarbons24 and some nucleotides.3 Using this
method, we calculated the parameters of the magnetic
susceptibility tensor for compound 1 and naphthalene (2)
in the RHF approximation for a wide range of basis sets
including the 6�311G, 6�311+G, 6�311++G, 6�311G(d),
6�311+G(d), 6�311++G(d), 6�311G(df), 6�311+G(df),
and 6�311++G(df) ones.25 Calculations for compound 2
were also carried out using the 6�311G(3df,3pd) and
6�311++G(3df,3pd) basis sets. We believe that compari�
son of the results obtained with a wide range of conven�
tional diffuse and polarization functions can provide in�
formation for more substantiated choice of the mode of
calculations of the χ tensor parameters for compounds 1
and 2 that are typical medium�size molecules. The theo�
retical ∆χ and δχ values and the angle α are listed in
Table 2. By and large, the results of calculations of the
parameters ∆χ for compounds 1 and 2 are in reasonable
agreement with the experimental data. It should be noted
that augmentation of the basis set with diffuse func�

Table 2. Comparison of experimental and calculated (CSGT
method, see text) anisotropy (∆χ/m3 mol–1) and rhombicity
(δχ/m3 mol–1) parameters and the angle of rotation of the prin�
cipal axes (α/deg) of the magnetic susceptibility tensor for
1,2,3�trichloronaphthalene and a series of model compoundsa

Method N b –∆χ•1034 –δχ•1034 α

1,2,3�Trichloronaphthalene
Experiment — 27.8 (2)c 1.4 (2)c 54
RHF/6�311G 208 23.3 0.7 17
RHF/6�311+G 260 24.3 0.8 7
RHF/6�311++G 265 24.3 0.8 9
RHF/6�311G(d) 273 26.0 0.6 7
RHF/6�311+G(d) 325 26.9 0.7 –1
RHF/6�311++G(d) 330 26.8 0.8 –1
RHF/6�311G(df) 416 26.9 0.8 –2
RHF/6�311+G(df) 416 26.9 0.8 –2
RHF/6�311++G(df) 421 26.9 0.8 –2

Benzene
Experimentd 12.6 (2)c 0 —e

RHF/6�311++G(df) 198 14.8 0 —e

Chlorobenzene
Experiment13 12.8 0.6 0
RHF/6�311++G(df) 231 13.5 0.1 0

Naphthalene
Experiment13 25.0 0.6 0
RHF/6�311G 154 24.5 0.5 0
RHF/6�311+G 194 25.0 0.7 0
RHF/6�311++G 202 25.0 0.7 0
RHF/6�311G(d) 204 27.6 0.4 0
RHF/6�311+G(d) 244 28.0 0.6 0
RHF/6�311++G(d) 252 28.0 0.6 0
RHF/6�311G(df) 274 27.6 0.5 0
RHF/6�311+G(df) 314 28.0 0.6 0
RHF/6�311++G(df) 322 28.0 0.6 0
RHF/6�311G(3df,3pd) 486 27.2 0.8 0
RHF/6�311++G(3df,3pd) 534 27.4 0.9 0

a The directions of the axes of coordinates are given in the text.
b Number of wave functions in the basis set.
c Figures in parentheses denote the standard deviation.
d Parameters of the magnetic susceptibility tensor were estimated
in this work using the dipole�dipole coupling constants for ben�
zene taken from Ref. 11.
e Not determinable for molecules belonging to this symmetry
class.

Fig. 4. Correlation between the experimental and theoretical
dipole�dipole coupling constants Dij.
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tions afects the results of calculations to a lesser extent
compared to augmentation with polarization functions.
For compound 1, the results of calculations using the
6�311G(df) and 6�311++G(df) basis sets are in good
agreement with the experimental ∆χ value we have ob�
tained. For compound 2, calculations with so wide basis
sets, as 6�311G(3df,3pd) and 6�311++G(3df,3pd), lead
to somewhat overestimated (in absolute value) ∆χ value.
However, this discrepancy can also be a consequence of
insufficient accuracy of the available experimental data.13

The relatively small value of the rhombicity parameter of
the magnetic susceptibility tensor δχ for compound 1 is in
agreement with experimental data, whereas modern theory
predicts the angle α with a low accuracy (see Table 2).

Elaboration of methods for description of parameters
of the tensor χ based on simulation using the additive
schemes is of undoubtful interest. This is important for
estimating the anisotropy of the magnetic susceptibility of
complex systems (e.g., biopolymers) since straignhforward
quantum chemical calculations are impossible because of
too high computational cost. We estimated the param�
eters of the tensor χ for compound 1 using the additive
scheme based on the data for compound 2 and incre�
ments that describe substitution of chlorine for hydrogen.
The increments used were the changes in the magnetic
susceptibility anisotropy (∆∆χ) and the rhombicity pa�
rameter (∆δχ) of the C—Cl bond, which can be calculated
based on comparison of the experimental and/or theo�
retical parameters of the tensor χ for benzene and chlo�
robenzene (see Table 2). The parameter ∆∆χ describes the
change in the χzz tensor component normal to the mo�
lecular plane on going from benzene to chlorobenzene.
Therefore, the parameter ∆δχ describes the differences
between the transverse components of the tensor χ (see
expression (3)). If the axes of the molecular system of
coordinates are directed as shown in Fig. 5, one gets a
diagonal local magnetic susceptibility tensor for the
C(2)—Cl(2) bond, which can simply be expressed using
the parameters ∆∆χ and ∆δχ:

.

The local tensors of the C(1)—Cl(1) and C(3)—Cl(3)
bonds have a similar simple form in the local coordinates
if the x axis is directed along the corresponding bond.
They also can be transformed into a system of coordi�
nates that is common to the three bonds C(1)—Cl(1),
C(2)—Cl(2), and C(3)—Cl(3), in which the x axis is par�
allel to the C(2)—Cl(2) bond, using the transformations
of rotation in the xy plane by an angle α of about –60°.

,

.

Summing the three local tensors, we get the expres�
sion for the overall effect of the three chlorine atoms in
molecule 1, ∆χ∧ add:

It follows that the effects of three substituents bonded to
the neighboring carbon atoms on the transverse compo�
nent of the tensor χ are mutually cancelled, which gives a
zero rhombicity parameter of the tensor χ in the frame�
work of the additive scheme. On the contrary, all the
three substituents contribute to the axial component of
the tensor, ∆χ∧

add. Experimental data for chlorobenzene
show no marked changes in the component (∆∆χexp =
–0.2•10–34 m3 mol.–1, see Table 2). CSGT calculations
at the RHF/6�311++G(df) level of theory predict a de�
crease in absolute value of the magnetic susceptibility
anisotropy (∆∆χcalc = 1.3•10–34 m3 mol.–1, see Table 2)
on going from benzene to chlorobenzene, which is in
reasonable agreement with the observed trend for the ex�
perimental ∆χ values (see Table 2) on going from naph�
thalene to 1,2,3�trichloronaphthalene.

The results obtained suggest that ab initio calculations
of the magnetic susceptibility anisotropy in the frame�
work of semiempirical additive schemes seem to be quite
promising for studying conformations of complex mol�

Fig. 5. Orientation of the x and y axes of the local magnetic
susceptibility tensors.
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ecules containing several magnetic anisotropic groups with
arbitrary spatial orientations.
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