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Abstract

The analysis of high resolution NMR spectra of dedpnuclear systems is often a very tedious
process. The methods used to solve this task havarsalways been based on frequencies (and
sometimes also intensities) of selected and weligaed lines. In this paper we present a broad
class of methods which not only do not require emgrpretation of experimental lines but do not

even require any lines should be individually digtiishable. The first experiences with some of
these methods are reported. They lead to quitenggtic conclusions regarding the possibility of

full automation of the problem in question. The caihms used consist in (i) converting the

spectrum, however complicated, into a limited deteml numbers by means of suitable integral

transforms, and (ii) fitting these numbers by meainthe usual iterative least-square algorithm. The
very simplicity of this idea makes it possible faply the method with equal ease to the analysis of
any complicated function (spectra) defined by atkchnumber of parameters.
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The analysis of high resolution NMR spectra of coupled nuclear systems is often
a very tedious process. The methods used to solve this task have so far always been
based on the frequencies (and sometimes also intensities) of selected and well assigned
lines. In this paper we present a broad class of methods which not only do not require
any interpretation of experimental lines but do not evenrequire thatany lines should
be individually distinguishable. The first experiences with some of these methods
are reported. They lead to quite optimistic conclusions regarding the possibility of
full automation of the problem in question. The algorithms used consist in (i) con-
verting the spectrum, however complicated, into a limited set of real numbers by
means of suitable integral transforms, and (ii) fitting these numbers by means of the
usual iterative least-square algorithm. The very simplicity of this idea makes it
possible to apply the method with equal ease to the analysis of any complicated
functions (spectra) defined by a limited number of parameters.

I. INTRODUCTION

The computer analysis of high-resolution NMR spectra of coupled nuclear systems
often represents a tedious and time-consuming problem which has rarely any scientific
value in itself. A well established approach to this problem (/) consists in (i) proposing
a set of starting spectral parameters (by spectral parameters we will mean
chemical shifts, indirect and/or direct coupling constants, etc.), (ii) calculating the
theoretical spectrum, (iii) interpreting as many experimental lines as possible in terms
of the theoretical transitions, and (iv) adjusting iteratively the starting parameters so as

to minimize the quantity
42 =3 (of — o), [1]

e

where & is the selected subset of experimental lines, w$* are their experimental fre-
quencies, and w}" are the corresponding theoretical frequencies.
Although this method is widely used, it has several practical drawbacks.

(i) The interpretation of experimental lines is time consuming, tedious, and very
vulnerable to error, expecially if the density of lines exceeds certain limits or when the
estimated parameters differ from the true ones so much that there is little similarity
between the theoretical and the experimental spectra.

(ii) The initial estimate of the parameters requires usually a great deal of prior
knowledge and experience. Sometimes even these are of little help, particularly for
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spectra from oriented species where it is often virtually impossible to make sufficiently
precise predictions of the direct coupling constants.

(iii) In many cases, it is difficult to select a sufficient number of experimental lines
each of which would correspond to a single transition. This situation arises regularly
in large spin systems where any apparently single experimental line is usually composed
of a number of closely packed theoretical transitions (consider that there are 792 tran-
sitions in a general six-spin-1/2 system and 11,440 transitions in a general eight-spin-1/2
system). The line overlap may also be due to a line-broadening process which is inherent
to the particular system and cannot be avoided.

(iv) It is well known (2, 3) that the transition frequencies alone do not always
specify the spectral parameters uniquely ; however, the solution is unique when both the
frequencies and the intensities of the transitions are considered.

(v) In some special cases the spectrum may be insensitive to a certain spectral
parameter or to a combination of parameters. Considering the experimental noise,
these cases lead to a continuous range of solutions. Situations of this kind are not easy
to detect unless a complete error analysis is performed.

The disadvantages listed above prompted many NMR spectroscopists to think
about alternative methods of analyzing the spectra. Simple modifications, such as
inclusion of transition intensities in the least-squares algorithm (4) may help in special
cases but their general value seems rather limited. Other approaches appearing under
the general heading “automatic analysis” (5), aim at including in the program as much
specific knowledge of the NMR problem as possible; for example, the energy-level
diagram, repeated spacing, and intensity flow rules. The general applicability of these
methods, however, has not been established and remains somewhat questionable.

In this paper we will sketch an alternative approach to the analysis of NMR (and
possibly also EPR) spectra which avoids most of the obstacles listed above. The respec-
tive programs as well as the algorithm itself are still in development, but the results we
have obtained so far are encouraging enough to warrant a rather detailed report.

Let us consider what are the prerequisites of any iterative analysis of a spectrum.
First, a quantity is needed which will summarize within a single number 4 the difference
between the experimental spectrum and its theoretical counterpart. Secondly, a local
minimum of 4 (or 4%) must be found by iterative modification of the initial parameters
defining the theoretical spectrum. The adjusted parameters are then tentatively accepted
as a solution and a direct comparison of the complete theoretical and experimental
spectra is carried out. In the common approach 4 is defined by Eq. [1], but we will see
that there is a great freedom in the choice of this quantity and any particular choice
amounts to a distinct method with its own advantages and disadvantages.

The most general definition of 4 compatible with the least square algorithm is

In

42 =3 [Fill(o)} — F{lsn(@)}], [2]

k=1

where I,(w) and I,;,(w) are the experimental and theoretical spectra, respectively, and
Fk{l(w)} is a functional, i.e., a mapping which assigns a real number # ,{g(w)} to any
function g(w). In other words, the spectrum I(w) is characterized by a limited set of n
real numbers and the aim is to fit theoretically the set of such numbers derived from
the experimental spectrum.
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In order to demonstrate the profound relation between the definition of 4 and the
basic features of the fitting algorithm, we will describe a method which is itself quite
promising, although we have not applied it to any extensive checks as yet. A spectrum
may be considered as a continuous and absolutely integrable function I(w), where I
is the intensity and w is the frequency. As such, any spectrum belongs to many of the
classical functional spaces. One also feels intuitively that the quantity 4 should possess
many of the properties of a metric in a functional space including all possible spectra.
Vice versa, any metric in such a functional space defines a suitable 4. Consider, for
example, the most common metric function related to the space of quadratically integ-
rable functions, i.e.,

£ = [ (@)~ In(@)F do. (3]

This definition has the advantage that no interpretation of experimental line is necessary
in order to evaluate 4. On the other hand, a new problem arises. Suppose that the spec-
trum consists of a set of very sharp lines and consider 4 as a function of the spectral
parameters. A then attains its highest value whenever there is no coincidence at all
between the experimental and theoretical lines (i.e., almost everywhere). At those
points where any two or more lines coincide, there will be a narrow ‘‘hole” in the 4-
surface. Among the large number of such holes, there will also be the one corresponding
to the true solution. To find this minimum by any iterative program is evidently nearly
impossible because of both the density of the minima and their narrowness.

The above considerations lead to the following requirements for an optimal method.
First, 4 should not depend on the details of the computations leading to the theoretical
(simulated) spectra. Once this condition is satisfied, the method acquires generality (it
can be applied to any spectroscopy, not just NMR) and the bothersome interpretation
of the experimental lines is completely eliminated. Second, the definition of 4 must be
applicable to the stick spectra as well as to the continuous spectra with extensive tran-
sition overlap. Third, 4 should be a very smooth function of the parameters with rather
broad minima. This means that it should reflect principally the global features of the
spectrum (this is analogous to the way a spectroscopist’s eye works when comparing
two spectra at a single glance). The smoothness also implies that the local minima of 4
are broad and can be easily located by computer even if the starting parameters are
quite wrong.

In order to be sure that A of Eq. [2] satisfies the above requirements, it is sufficient
to choose the functionals % in such a way that they themselves satisfy the same re-
quirements. In the following sections we will discuss some of the methods which fit
into this general category and will demonstrate the applicability of these methods to a
broad range of test cases. We will also demonstrate additional problems that may arise,
both as mathematical artifacts of the particular choice of the functionals and as a result
of real properties of the NMR spectra.

II. SPECIAL CLASSES OF FUNCTIONALS
First, we must determine which sets of functionals are best suited for our purposes.
Since any single-number characteristic of a spectrum is a functional, the freedom of
choice is quite overwhelming. In principle, the problem could be analyzed by purely










































