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ABSTRACT

Linear thermodynamic function relationships (LTFR) comprise the following three sub-
jects: (1) linear free energy relationships (LFER), (2) linear enthalpy relationships (LER), and
(3) linear entropy relationships (LSR). LFER have been extensively studied in the past few
decades and cover a wide range of areas in chemistry. We have recently explored the subject
of LER and LSR and found explicitly the existence of these linear energy relationships. The
present article is devoted to a review of the most recent advances of these three linear
relationships studied in our laboratory and finds that the compensation law in solution
chemistry can be extended to this area.

INTRODUCTION

Linear free energy relationships (LFER) have been widely recognized in
chemistry and several monographs on this subject have appeared during the
last decade [1-3]. However, the author is particularly interested in coordina-
tion chemistry and had formulated equations to correlate quantitatively the
stability of complex compounds with the acidity or basicity of ligands [4]. In
the meantime, the existence of linear enthalpy relationships (LER) between
heats of formation of complex compounds and heats of dissociation or
protonation of ligands was also predicted and verified experimentally [4,5].
Furthermore, linear entropy relationships (LSR) were found to exist in
binary and ternary systems [5,6]. It was therefore proposed to group together
these three linear relationships, namely LFER, LER and LSR, and to name
them linear thermodynamic function relationships (LTFR).

Three years have elapsed since the author reviewed LTFR in coordination
chemistry [7] and more work along this line has been carried out in our
laboratory. The purpose of the present article is to summarize our work in
the interim period.

* Presented at the International Conference on Chemical Thermodynamics and Calorimetry,
Beijing, P.R. China, 25-28 August 1989.
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LINEAR FREE ENERGY RELATIONSHIPS (LFER)

1. LFER between stability constants of complex compounds and the acidity or
basicity of ligands

This subject has been extensively studied in our laboratory. The metal
ions studied are of the first transition series and the ligands include hetero-
nuclear aromatic bases such as 2,2"-bipyridyl (bipy) and 1,10-phenanthroline
(phen), a-aminoacids (aAA) N-substituted phenyliminodiacetic acids
(RPhIDA), N-substituted ethylenediamines (Ren), para-substituted tetra-
phenylporphyrins (RTPP), etc. We delineate herewith the results on the
systems most recently investigated in our laboratory.

A. Binary systems
1. M(I1)-N — (meta-substituted phenyl}iminodiacetic acid systems [M(II)-
mRPhIDA] [8] (M(II) = Cu, Ni, Co, Zn; R = CH,, H, CH,;0, Cl). Correla-
tion equations for these systems are shown below where K, denotes the
stability constant of the complex compound, K, represents the acid dissoci-
ation constant of the ligand on the imino group, and r is the correlation

coefficient.
For the Cu(II)-mRPhIDA system

log K, =2.74pK, — 8.22 r=0.999
For the Ni(II)-mRPhIDA system
log Ky =0.77pK, —0.447 r=0.994
For the Co(II)-mRPhIDA system
log K, = 1.44pK, — 4.30 r=10.998
For the Zn(II)-mRPhIDA system
log K;,; =1.90pK, — 6.16 r=0.999
2. M(II)-N-(para-substituted phenyl)iminodiacetic acid system [M(II])—

PRPRIDA].
For the Cu(II)-pRhIDA system

log K, =2.28pK, — 8.80 r=1.000
For the Ni(I)-pRPhIDA system

log Ky, =2.69pK,—7.63 r=1.000
For the Co(II)-pRPhIDA system

log Kcop o =2.24pK,—6.52 r=1.000
For the Zn(II)-pRPhIDA system

log Kzp1,=117pK,—0.79 r=0.997
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3. Cu(II)-N-(ortho-substituted phenyl)iminodiacetic acid system [Cu(ll)-
oRPhIDA]. 1t is interesting to note that LFER were also found to exist in
this system, which implies that steric effects are insignificant.

log K¢,y =0.98pK, +0.90  r=1.000 (excluding R = CH,)

B. Ternary systems
1. M(II)-bipyridyl / 1,10-phenanthroline-N-(meta-substituted phenyl)-imin-
odiacetic acid systems [M(II)-bipy / phen-mRPhIDA] [8]. In these systems,
the metal ions and substituent groups are the same as those described in the
Sect. (binary systems). For the sake of simplicity, first ligands (bipy or phen)
and second ligands (mRPhIDA) are denoted by A and B, respectively. They
are so expressed in all ternary systems throughout this article. The correla-
tion equations obtained are listed as follows.

For the M(II)-phen-mRPhIDA systems

log K&, =1.769pK, —2.780  r=10.999 (excluding R = H)
log KNiA =1.482pK,—3.786  r=0.995
log KS*2, = 1.601pK, — 4.106  r=0.991
log K22, = 1.421pK, —2.895  r=0.991
For the M(II)-bipy—-mRPhIDA systems
log K& =0.936pK, +2.247  r=1.000 (excluding R = H)
log KNA, = 1.747pK, — 5205  r=0.999
log KS°A, = 1.418pK, — 3384 r=0.993
log KZ'A = 1.291pK, —2.548  r=0.990

According to Sigel [9] the stability of the ternary complex compounds
may be related to A log K\, and log X parameters, where A log K, is the
difference in stability between ternary and the parent binary complexes and
X is the equilibrium constant of the formation reaction of mixed ligand
ternary complexes. These terms are also means to characterize tendencies
towards formation of mixed ligand complexes. It is interesting to note that
some linear relationships are found to exist between these parameters and
pK, values of the second ligand mRPhIDA, for example.

For the Ni(II)-~phen-mRPhIDA system

A log Ky, =0.710pK, — 3.339 r=10.994

log X = —1.280pK, + 7.720 r= —0.988
For the Ni(II)-bipy—~mRPhIDA system

A log K\ =0.975pK, — 4.758 r=0.991

log X= —1.280pK, — 7.400 r=—0.998
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2. Copper(11)—N-substituted phenyliminodiacetic acid—a-amino acid competi-
tive ternary systems [Cu(ll)-RPhIDA-aAA] [8]. This is the first time that
we have discovered the existence of LFER in competitive ternary systems
for all three para-, meta- and ortho-substituted phenyliminodiacetic acid as
one ligand (first ligand) and a series of a-amino acids (glycine, isoleucine,
a-aminoisobutyric acid, proline, serine, valine) as the other (second ligand).
There are altogether 72 ternary complex compounds studied. We herewith
list some typical examples.
For the Cu(II)-mRPhIDA-valine system (R = CH,, H, CH,0, Cl)

log K& =1.70pK, + 3.29 r=0.997
For the Cu(II)-mCIPhIDA-aAA system
log K&"2s = 0.69pK, + 4.93 r=0.998
For the Cu(II)-pCIPhIDA-aAA system
log K&EU2s = 9.54pK, + 6.61 r=10.999
For the Cu(Il)-oCIPhIDA-aAA system
log K&'As = 0.49pK, + 7.30 r=0.998

3. Copper(II)-N-acetylglycine—a-amino acids competitive ternary system [10].
In this system, the a-amino acids studied were proline, a-aminoisobutyric
acid, isoleucine, valine, glycine, serine, threonine. These amino acids are
designated as B and N-acetylglycine is designated as A. The experimental
results show that LFER not only exist between stability constants of the
complex compounds with the pK, values of the amino acids, but also
between the stability constants of ternary complexes and their parent binary

complexes.

For log KCuB =5.07 + 0.323pK, r=0.973
log ,BCuBz 8.36 + 0.693pK, r=0.973
log KCuAB 6.79 + 0.391pK, r=10.980

log KCuAB 0.931 + 1.176 log KCuB r=0.999
log K&, 5 = 2.06 + 0.565 log B, r=0.997
The fact that the last two equations have better correlation coefficients

than the other three might be ascribed to the mutual cancellation of possible
steric effects due to the five-membered rings in the proline molecules.
4. Copper(Il)-2,9-dimethyl-1,10-phenanthroline—a-amino acid ternary system
[Cu(II)-2,9-Me, phen—-a AA] [11]. The amino acids involved were glycine,
proline, isoleucine, 2-methylalanine, valine, serine (designated as B, while
2,9-Me, phen is designated as A). The correlation equation obtained for the
ternary complex compounds is

log K&U25 =0.66 + 0.73pK, r=1.000

where K, is the basic dissociation constant of the amino acid.
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3. Copper(11)-2,9-dimethyl-1,10-phenanthroline— N -substituted ethylenediamine
ternary system [Cu(Il)-2,9-Me,phen—Ren] [11]. The N-substituted ethylen-
ediamines studied were those with R = H, ethyl, n-propyl, n-butyl, isopro-
pyl, cyclohexyl and phenyl. In these systems, certain steric effects due to the
substituent R may be involved, and the stabilities of the complex com-
pounds are related to both the Hammett constant o and the steric constant
E, conforming to the Taft equation

log KS'A, =8.81 + 0.060 + 0.69E,  r=0.97

From the above-mentioned examples, we can see that LFER seem to be
phenomena commonly existing in solution chemistry.

11. Correlation between the stability constants of complexes and the Hammett
constant [12]

We have reported a number of examples of this type of LFER [7). We
now wish to report some linear relationships existing between some thermo-
dynamic parameters and the Hammett constant o for the axial coordination
reaction of para-substituted tetraphenylporphinatoiron(III) chloride [ab-
breviated as (p-X)TPPFeCl] with imidazole as shown in the equation

B’l
(p-X)TPPFeCl + n L = [(p-X)TPPFeL,| " CI~ (1)

where X denotes the substituent groups Cl, H, CH,, CH;O, and L denotes
imidazole(Im), 2-methylimidazole(Melm) or 2-ethyl-4-methylimid-
azole(EMIm) and B, is the equilibrium constant of reaction (1). Since there
are four substituent groups in the porphin ring, it is logical to use 46 rather
than o to represent the substituent parameter. At various temperatures the
following correlation expressions were obtained for reaction

(1) with Im as the ligand.

At 15°C

In B8, = —0.080 (4¢) + 14.53 r=0.970
At 20°C
In B,= —0.130 (40) +13.91  r=10.997
At 25°C
In B,= —0.240 (46) +13.32  r=0.995
At 30°C
In B,= —0277 (40) +12.73  r=0.997

In the meantime, we have found that the standard molar enthalpies AH*®
(in kJ mol™') and standard molar entropies AS® (in J mol~! K~!) of the
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axial coordination reaction (1) are also linearly correlated to the Hammett o
values

AH® = -10.13 0 — 86.58 r=0.992

AS® = —-36.04 6 —179.6 r=10.993

III. LFER between reaction rate constants and equilibrium constants

We have recently studied several coordination reaction systems both
kinetically and thermodynamically, and have found the existence of LFER
between the reaction rate constants and the equilibrium constants of the
systems. The following are some examples.

A. Axial coordination reaction of para-substituted tetraphenylporphinatoiron
(I11) chloride with imidazole [12]

The mechanism of this reaction involves pre-equilibria of ligand addition
and is followed by rate-determining substitution reactions

(p-X)TPPFeCl + Im = (p-X)TPPFelmCl )
(p-X)TPPFeImCl + Im [(p-X)TPPFelm,| " C1- (3)

where K is the equilibrium constant and k the reaction rate constant. X and
B, are substituent groups and equilibrium constants, respectively, as shown
in eqn. (1). The correlation equations are

In k= —4.5751n B, + 59.54 r=0.992

In k= -0.8831n K+ 8.84 r=0.991
In addition, the rate constants are also linearly related to the Hammett
constant ¢ as follows

at 15°C
In k= —0.749 (4¢) + 9.216 r=0.95
at 25°C
In k= —0.962 (40) + 10.08 r=0.97
at 35°C
In k= —1.093 (40) + 10.99 r=0.97

Since kinetic data are not as accurate as thermodynamic measurements, the
correlation coefficients are not as good as those for equilibrium constants.

B. copper(11)-2,9-dimethyl-1,10-phenanthroline—a-amino acid ternary sys-
tem [11]

The amino acids studied are those listed in Sect. II. The correlation
expression is

log k; =2.97 — 0.52pK, r=0.98
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where k; is the rate constant of formation of the ternary complexes and pK,
is the basic dissociation constant of the amino acid. This equation excludes
proline which has a five-membered ring and thus introduces a steric factor
into the system to deviate from linearity.

C. Nickel(11)- N-(para-substituted phenyl)glycine binary system [13]

The substituent groups are CH,0, CH,, H and ClL. A stopped-flow
spectrophotometer was employed to study the reaction rate. It was found
that not only the ligand anion, but also the zwitterion are attacking species
in the complexation reaction. The following regression equations were
obtained.

log k ;-=4.84—-0.973 log K\, r=1.000
log k [ -=5.56 — 0.815pK, r=0.974
log kyyp+=5.36 — 0.432pK? r=0.979

where k |- denotes the rate constant of the reverse reaction and k-
denotes the rate constant of formation reaction of nickel ion with the
Zwitterion.

D. Copper(Il)-5-substituted-1,10-phenanthroline—a-amino acid ternary sys-
tem [Cu(ll)-5-Xphen—aAA] [14]

In this system, the amino acids studied were glycine, alanine, threonine
and isoleucine; the substituent groups on phen when X = NO,, Cl, H and
CH;. The kinetic studies were carried out by means of temperature-jump
and stopped-flow techniques. The following correlation equations were
obtained.

For threonine

log K&285 =0.13 +0.83 log k; r=0.99

For valine
log K&',‘AAB = —0.61+0941log k; r=0.99
log k;=9.1—-0.082pK, r=0.97

E. LFER between the rate constants and basicities of N-substituted phenyl-
glycines in orthopositronium—glycine complex formation [15]

The N-para-substituted phenylglycines (pRPhG) studied were those with
R =NO,, C], H, CH,; and CH,0. The complex reaction rate constants were
obtained by means of a positron annihilation lifetime spectrometer with
BaF, detectors. The experimental results showed that LFER exists between
the rate constants and the basicities of the pRPhG in orthopositronium—
glycine complex formation expressed as

log k = —4.54pK, + 22.85 r=0.883
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It is interesting to note that the relative rate constant is also linearly related
to the corrected Hammett constant o’ as

log(kg/ky;) = 3.4980" + 1.382 r=0.883

IV. Linear correlations of substituent effects in 'H NMR spectroscopy [16]

A. 'H NMR study on the complexation of N(para-substituted phenyl) nitro-
gen-hetero-15-crown-5 (pRPhN15C5, R = CH;0, CH;, H, Cl) with the sodium
ion

The stability constants of these sodium crown complexes have been
determined by '"H NMR spectroscopy in acetone. It was found that the
stability constants and their limit chemical shifts (8) are linearly correlated
as

log K =3.95+ 0.4098,; r=0.992

B. 'H NMR study on para-substituted tetraphenylporphin [(p-x)TPP] and
para-substituted tetraphenylporphinatoiron(I1l) chloride [(p-x)TPPFeCl] and
their axially coordinated compounds

The following compounds have been studied in chloroform-d using
an MSL-400 superconducting spectrometer at 400 MHz: (p-x)TPP, (p-x)-
TPPFeCl, [(p-x)TPPFelm,}*Cl~ (X = Cl, H, CH,, CH,0), axially coordi-
nated complexes [(p-X)TPPFeY,]"Cl™ (Y = MeIm, EMIm, n-C;H,NH,,
N(C,H;),, n=1 or 2). It was found that linear relationships exist between
the chemical shifts (8) and the Hammett constant o as follows.

For (p-X)TPP § (pyrrole-H)

0= —0.039¢ + 8.843 r=0.89
For (p-X)TPP & (N-H)

6= —-0.2330—-2.79 r=0.99
For (p-X)TPPFeCl & (pyrrole-H)

6 =1.3100 + 79.30 r=0.97
For [(p-X)TPPFelm,]*Cl~ & (pyrrole-H)

6= —0.579 — 16 .47 r=0.96

LINEAR ENTHALPY AND LINEAR ENTROPY RELATIONSHIPS

As we have stated in a previous paper [7], exploration of this field has
only just begun and little information has appeared in the literature. In this
paper we report work carried out in our laboratory during the past three
years.
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I. Copper(11)-5-substituted-1,10-phenanthroline—a-amino acid ternary system
[Cu(II)-5-Xphen—aAA, where X = NO,, Cl, H, CH;; a AA = 2-methylalanine,
isoleucine, valine, serine] [11]

Heats of protonation of the ligands and heats of formation of the ternary
complex compounds were determined in water at 25°C at an ionic strength
0.1 mol dm~? (KNO,) by means of an MS80 Calvet microcalorimeter.

The reactions involved are

H+A=HA AH,y, (4)
CuA + B=CuAB AHcap (5)

where A denotes the first ligand, 5-Xphen, and B the second ligand, aAA.
The AG values were calculated from equilibrium constants which were
obtained from pH determinations. From the experimental data the following
correlation equations are listed, taking valine as an example (AH in kJ
mol™!, AS in Jmol ' K1)

AGeyap = —45.3—0.07AG 4, r= —0.99
AHeuap= —35.8—0.44 AHy, r=—1.00
AScuap =115+ 0.84 ASy, r=0.99
AGeyap = —44.9 —0.10 AHyy, r=—0.99
AGeyap = —46.3 + 0.07 ASy, r=0.97
AHgyap = —37.9 = 0.31 AGy, r=-1.00
AHgyap= —42.7 +0.31 ASy, r=0.99
AScuap =24.5—0.84 AGy, r=—1.00
AScuap=30.1-1.19 AHy, r=—1.00
AHcoap= —47.1+0.37ASc a8 r=1.00
AHy,=15.6 —0.71 ASy, r=—099

It is well known that in a chemical reaction the change in enthalpy reflects
the change in bonding energies of the reactants, and the change in entropy
reflects the change in distribution or rearrangement of atoms in energy levels
of molecules involved in the reaction. Hancock [17] pointed out that
enthalpy data are more fundamental than free energies and should therefore
be used in preference to free energies in correlating the properties of
complexes in aqueous solution. We may henceforth arrive at the conclusion
that for a chemical reaction the linear enthalpy relationships, the linear
entropy relationships and the linear enthalpy—entropy relationships are the
three fundamental linear thermodynamic function relationships, while the
last of these is known as the compensation law [18] which can be applied to
a wide range of areas in solution chemistry. LFER and other cross-linear
thermodynamic function relationships listed above may be regarded as
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consequences of the mutual interactions of the three fundamental thermody-
namic function relationships.

II. Nickel(1I)-N,N’-bis(para-substituted phenyl)ethylenediamine binary system
[Ni(1I)-(pRPh),en, R = CH,0, CH;, H, Cl] [19]

Heats of protonation of the ligands and heats of formation of the
complex compounds were determined by means of an MS80 Calvet micro-
calorimeter, with both LER and LSR found to exist between these two
thermodynamic quantities.

AHy = —99.5—1.98 AHH r=—0.99
AS, = —148 —11.2 ASH r=—1.00

I11. Nickel-2,2’-bipyridyl-N,N’-bis(para-substituted phenyl)ethylenediamine
ternary system [Ni(II)-bipy—(pRPh),en, R = CH,0, CH;, H, Ci] [19]

The experimental conditions are the same as the parent binary systems,
with both LER and LSR obtained as follows

AHMB = —109-2.71 AHH r=—0.99
ASMB. — _131—15.1 ASH r=—1.00

1V. Copper(I1)-N-(para-substituted phenyl)iminodiacetic acid binary system
[Cu(I)-pRPhIDA, R = CH,0, CH;, H, Cl] [20]

In Sect. I.A.2, we have reported the LFER in this system. In the
meantime, we have also determined at 25°C and at an ionic strength of 0.10
mol dm~? (KNO,) heats of protonation of the ligand (L) and heats of
formation of the complex compounds. The following linear enthalpy rela-
tionships and the corresponding linear entropy relationships were obtained
(AH inkJ mol™!; AS in J mol™! K1)

AH.,; = —0.035+0.833 AHy, r=0.997

V. Copper(II)—N-substituted phenyl iminodiacetic acid—a-amino acid competi-
tive ternary systems [Cu(Il)-RPhIDA-aAA, R= CH;0, CH;, H, Cl] [20]

The systems with mRPhIDA as first ligands, A, and aAA as second
ligands, B, to form ternary complexes with Cu(II) were investigated calori-
metrically. The aAA used were proline, a-aminoisobutyric acid, isoleucine,
valine, glycine and serine. Altogether 48 correlation equations of LER have
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been obtained. We list here only CH,PhIDA as first ligands, A, and valine

as second ligand, B, as examples.
For the Cu(Il)-pRPhIDA-valine system

AHcap= —154+0.82 AHy, r=0.998

Hop=—27.8+098 AHc s r=0.997
For the Cu(II)-pCH,PhIDA-aAA system

AHcapg =792+ 0.77TAHyp r=10.972

For the Cu(II)-mRPhIDA-valine system
AHgap= —19.2+1.30 AHy, r=10.998
AHcpp= —50.6 +230 AHg, r=0.997

For the Cu(II)-mCH,PhIDA-aAA system

AHCUAB = 2.35 + 0.56 AHCUB r= 0.997

In the systems investigated so far, no good LSR have been observed.

in

As pointed out earlier [7], even though some good LFER and LER exist

certain systems, it does not always follow that good linear entropy

relationships will be found in the same system. Since AS values are
invariably calculated from the equation AH = AG + T AS, experimental
errors in measuring both AH and AG values will enter the calculation and
thus contribute more seriously in the evaluation of AS. This might be an
explanation for the deviation of entropy terms from linearity in these
systems.

REFERENCES

10
11
12
13
14

N.B. Chapman and J. Shorter (Eds.), Advances in Linear Free Energy Relationships,
Plenum Press, London, 1972.

N.B. Chapman and J. Shorter (Eds.), Correlation Analysis in Chemistry, Plenum Press,
London, 1978.

J. Shorter, Correlation Analysis of Organic Reactivity, Research Studies Press (Wiley),
New York, 1982.

Y.T. Chen, Z. Phys. Chem., 220 (1962) 231.

Y.T. Chen and H.K. Lin, Acta Chim. Sin., 41 (1983) 103.

Y.T. Chen, HK. Lin and Z.X. Gu, J. Inorg. Chem., 1 (1985) 13.

Y.T. Chen, Coord. Chem. Rev., 79 (1987) 257.

S.X. Liu, HK. Lin and Y.T. Chen, unpublished work.

H. Sigel, in D. Banerjea (Ed.), Coordination Chemistry-20, Pergamon Press, Oxford, 1980,
p- 27.

Y.T. Chen and H.K. Lin, Acta Chim. Sin., 46 (1988) 808.

J.Y. Zhu, Ph.D. Thesis, Nankai University, 1988.

Y.X. Ma, Ph.D. Thesis, Nankai University, 1989.

Y.T. Chen, Q.Y. Zhang and Y.J. Li, Acta Chim. Sin., 46 (1988) 751.

Y.T. Chen, Q.Y. Zhang and Y.J. Li, Acta, Acta Chim. Sin. Eng. Ed., 4 (1989) 342.



132

15 Y.T. Chen, J.C. Liang, Y.M. Du, C. Cao, D.Z. Yin, S.Y. Wang and T.B. Zhang, Chem.
Phys. Lett., 137 (1987) 471.

16 HK. Lin, X. Xia, Z.A. Zhu and Y.T. Chen, unpublished work.

17 R.D. Hancock, J. Chem. Soc. Dalton Trans., (1978) 228.

18 L.A. Ashton, J.1. Bullock and P.W.G. Simpson, J. Chem. Soc. Faraday Trans. 1, 78 (1982)
1961.

19 HK. Lin, J.Y. Zhu, Z.X. Gu and Y.T. Chen, Acta Phys. Chim. Sin., 5 (1989) 531.

20 HK. Lin and Y.T. Chen, unpublished work.



