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EQNMR: A Computer Program for the Calculation of
Stability Constants from Nuclear Magnetic Resonance

Chemical Shift Data

Michael J. Hynes

Chemistry Department, University College, Galway, Ireland

A computer program has been elaborated which uses the complexation-induced displacements of NMR
chemical shifts to calculate the stability constants for the general reaction (i) which gives the generalised
stability constant (ii). The program can deal with data from a wide variety of reactions including proton

mM + nL +jH—==M HL, (i)

Bmin = M H,L1/[M]"[HTL]" (i)

equilibria, metal-ion hydrolysis and metal-ligand interactions. It can also deal with situations where both
ligand proton equilibria and complex-formation reactions must be considered.

The determination of equilibrium constants forms an important
part of research in physical, inorganic and biochemistry. The
general form of the equilibrium reaction and the generalised
stability constant are shown in equations (1) and (2). The most

mM + nL + jH==M,H|L, 1))
Bmm = [M,H,L,J/IM]"[HY[L]" @

widely used methods for the determination of stability con-
stants are potentiometry and spectrophotometry and computer
methods are well developed for the processing of the experi-
mental data obtained.'-?

Stability constants can be determined by NMR spectrometry
when the species are in rapid exchange on the NMR time-scale 3
and when there is a variation in the chemical shift of a suitable
nucleus on formation of the complex species. However, the
methodologies for the treatment of NMR chemical shift
data are considerably less well developed than those for
potentiometric and spectrophotometric procedures. Some of
the procedures necessitate the use of a large excess of one of the
reactants *~ while others require that both reactants be present
in equimolar concentrations’ and none appears to deal with
NMR chemical shift data in the general way that SUPER-
QUAD?® and SQUAD?®!'? respectively deal with potentio-
metric and spectrophotometric data. Recent textbooks!+?
dealing with the computation of solution equilibria make no
reference to computer programs for the calculation of stability
constants from NMR chemical shift data. Nevertheless, NMR
spectroscopy can prove very useful for the determination of
equilibrium constants *'~'% and as seen above various authors
have developed computational procedures. This method is
particularly useful in non-aqueous solution where potentio-
metric methods may not be readily applicable. It should be
noted however that its use requires concentrations which are
generally much higher than those used in either potentiometric
or spectroscopic work and this difference can influence both the
stoichiometry and concentration of the species formed.

The program EQNMR can be used to evaluate equilibrium
constants and chemical shifts in systems where all the species
are in rapid equilibrium under the experimental conditions used
and where the NMR chemical shift of some nucleus varies with
the degree of complex formation. In this event only a single

NMR resonance is observed for the nucleus ""X. Consider a
reaction of the type shown in equation (3) where M is the

mM + nL==M,L, 3)

nucleus whose chemical shift is being monitored by NMR
spectroscopy. The chemical shift of this resonance is given by
equation (4) where 8, is the weighted average of the chemical

m=in=i gy m[M,L
S = 3 Y S M,,L, ] (4)

m=1n=0 [M]tmal

M,L,] = Bn.[M]"[L]" ©)

shifts of the various M-containing species present, M, L,,, where
M represents the ‘free’ uncomplexed form of M, L represents
the ligand, and i/ and j represent the maximum values of m and r
respectively. Substituting for M, L, in equation (4) from (5),
gives (6). Thus the problem resolves itself into determining the

m=i n=j 5 MI1™IL1"
acalc - Z Z mannm[ ] [ ] (6)

m=1n=0 [M]lolal

optimum values for the various 3, and B,,, which best fit the
experimental chemical shift data.

The program EQNMR can be used to calculate these
parameters. The current version is model independent and all
the information regarding the model and the manner in which
the chemical shifts of both free and complexed species
contribute to 8, is contained in the data file. The program
contains four main sections. Section one reads the input data.
This consists of: (a) the concentrations of the various reagents,
pH values if relevant, together with the measured chemical
shifts and the weighting factors for the data points; (b) details
of the model in the form of the stoichiometric coefficients of the
complex species present; (c) initial guesses for the various
parameters (stability constants and chemical shifts) to be fitted;
(d) details of any constraints, ie. values for any parameters
which are to be held constant or > or < to some value; and (e)
details of the manner in which all the species (both free and
complexed) contribute to the overall chemical shift of the
nucleus being monitored.

Section two of the program consists of the custom-written
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subroutine SAMPGEN which utilises the imput data from
section one to perform two tasks. First, it calculates the
concentrations of all species present in solution using either the
initial guesses of the stability constants or the improved values
as the refinement proceeds. The COMICS !¢ algorithm is used
to calculate the concentrations of all free and complexed species
as it has been shown to give more reliable convergence than
other alternatives, particularly in the case of complicated
systems.? The program then computes the calculated chemical
shift, §.,,, using equation (6), taking account of both free and
complexed species contributing to the overall chemical shift of
the nucleus being monitored.

Section three of EQNMR contains the non-linear least-
squares subroutines which carry out the refinement of
the various parameters using the Levenberg-Marquardt
method.!”"!® The coding used is a modification of the well
proven NIHH22/NIHH?23 routines developed by Fletcher and
Shrager !%-2° which have been used in this laboratory for a
number of years.

Section four of EQNMR contains the output routines.
Output consists of printed tables of the input data, best-fit
values of the chemical shifts and formation constants together
with estimates of their errors. The values of 3., . which are
calculated using the ‘best-fit’ values of the parameters are also
printed. A table of the concentrations of all species present at
each experimental point in the titration is also produced.
Output is also provided in the form of two plots. The first of
these displays the variation in the concentrations of the various
species present as the titration proceeds. The second consists of
both the experimental and calculated chemical shifts against the
concentration of the titrant, together with the residuals (in
magnified form) against the titrant concentration.

The program EQNMR can deal with chemical shift data from
a wide variety of reactions where the equilibria can be expressed
in terms of equation (1). These include complex-formation
reactions involving reaction of a ligand with either proton or
metal ion, metal-ion hydrolysis and monomer—dimer equilibria.
The nucleus the chemical shift of which is being monitored can
be either the central metal ion M !!'!2 or an atom located on
one of the ligands.!*~!° Various models can be readily
evaluated, e.g. models containing only species ML, ML, and
M,L or any combination of them. In most instances visual
inspection of the graphical output is sufficient to determine the
‘best-fit’ model. The value of the graphical output of the raw
and best-fit data together with the residuals cannot be over-
emphasised as it highlights both systematic deviations between
the experimental chemical shifts and those calculated using the
‘best-fit’ parameters and any deficiencies in the model. In
addition, quantitative comparison of the fits is carried out using
either the estimated errors in the various parameters or, more
conveniently, using the ‘merit function’ shown in equation (7)

; - 2\t
R = IOO(EWI(Sobs 8c:ak:) ) (7)
ZWi(Sobs)z

where W, is the weight attributed to observation i. Where the
chemical shifts are of similar magnitude this function usually
enables a choice to be made between potential models.
Normally unit weights are used, although alternative weighting
schemes can be implemented if required.

The program EQNMR does not suffer from the limitations of
previous programs’ in that it can readily deal with systems
where the concentrations of the reactants are not equal and it
does not require that one reactant be present in large excess.
The concentrations used are dictated solely by the requirements
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of good experimental design. The chemical shifts of the various
species can be constrained to directly measured experimental
values where that is possible or they can be treated as variable
parameters.

The program was extensively tested using synthesised model
data. Suitable concentrations were chosen and shift data were
calculated for three systems. System one contained only the
species M and ML. In such a system a maximum of three
parameters have to be refined, 8y, 8y, and B,,. Similar analyses
were carried out for systems containing M, ML and ML, in
which a maximum of five parameters have to be refined, 8y, Syy.,
SmL, B1y and By,. A further test involved analysis of a system
containing the species M, ML and M,L and the constants B,
and B,,. The best-fit parameters were independent of the initial
starting parameters. In addition to the above, tests were carried
out in order to ensure that the absolute magnitude of the
measured chemical shifts had no effect on the calculated values
of the stability constants. Constant values of from 100 to — 100
ppm were added to the measured chemical shifts following
which the stability constants were re-evaluated. No significant
differences were obtained.

Software and Hardware Environment—The program is
written in FORTRAN 77 and consists of approximately 3000
lines. In order to simplify data input, free-format input has been
used where possible. It has been run on VAX 8700 and 6000
computers without difficulty. The graphics package used is
GINO-F. In order to facilitate conversion for use with other
graphics packages, the data required to create the various plots
are written to separate files. These are then used as input to a
separate plotting module (FITPLT).

The FORTRAN listings of the EQNMR and FITPLT
programs can be provided as ASCII files on an MS-DOS/PC-
DOS formatted disk or diskette.
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