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A ‘Double Reciprocal’ Analysis of Calorimetric Data for Simultaneous Determin-
ation of Equilibrium Constants and Enthalpies of Complex Formation:
Intermolecular Hydrogen Bonding in Peroxy Acid—Oxygen Base
Complexes in Carbon Tetrachloride

By Joir SKERJANC,* ALEKSANDER REGENT, and Bozo PLESNIGAR*

(Department of Chemistry, University of Ljubljana, 61000 Ljubljana, Yugoslavia)

Summary A ‘double reciprocal’ (1/AH vs. 1/B,) analysis
has been used in a calorimetric study of hydrogen bonding
in some peroxybenzoic acid-oxygen base complexes in
carbon tetrachloride; the calculated enthalpy change per
mole of hydrogen-bonded complex is sensitive to the
acidity of the peroxy acid as well as the basicity of the
oxygen base.

Varrous methods for the simultaneous determination of K
and AH, have been reported;! however, the double re-

ciprocal analysis used in this paper seems to be preferable
to some of the previous methods. We illustrate the applica-
tion of this method to peroxy acid-oxygen base complex
formation [equation (1)].1
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1
/H + B==R—-C—0-0—HeeeensB (1)

t Peroxybenzoic acids exist in ‘inert’ solvents exclusively in the form of intramolecular hydrogen bonded chelates (W. H. T. Davison,
J. Chem. Soc., 1951, 2456; R. Kav¢i€, B. Plesni¢ar, and D. Hadzi, Spectrochim. Acta, 1967, A 23, 2483). Oxygen bases disrupt the
chelate ring to form intermolecularly hydrogen bonded adducts (B. Plesni¢ar, R. Kav¢i¢, and D. HadZ#i, J. Mol. Struct., 1974, 20,

457).
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The formation of the 1:1 complex, C, from the acid, A
and the base, B,1s represented by the equilibrium constant,
K(a) [equation (2)], where parentheses denote the activity

K(a) = (C)/{(A)(B)} (2

of A, B and C Since the activities of these species are
usually not known, this thermodynamic equlibrium constant
1s approximated by the conventional constant, K, defined
by equation (3), where square brackets denote the equli-
brium analytical concentrations Equation (3) can also be

K = [C]/{[A](B]} (3)

expressed 1n terms of the mmitial concentrations of the acid,
Ay, and the base, By, 1n the reaction mixture [equation (4)]

K = [C]/{(Ao — [C))(Bo — [C])} (4)

The following treatment of data 1s suitable for experiments
mm which the base 1s 1mn excess If the experimentally
determined enthalpy of mixing of acid with base, calculated
per mole of A which 15 immtially present, 1s AH and that
calculated per mole of C which 1s formed 1s AH, then
AH,/AH [equation (5)] will tend to unity with increasing

AHo/AH = A,/[C] (3)

extent of reaction (1) Obviously, from calorimetnc
measurements we can determine directly only AH  There-
fore, AH, must be determined by an appropriate method
Combrination of equations (4) and (5) leads to equation (6)

1/AH = 1/AH, + 1/AH [1/K +
Ao(1 — AH/AH,)](1/Bo) (6)

This equation 1s essentially the same as that reported by
Bolles and Drago,? although written 1n another form with
another definition of AH  The simplest way of obtaining
AH, 1s that described by Arnett et al ,® ¢ g to determine K
by spectroscopic measurements and then calculate AH,
from equation (6) knowing AH for various values of A, and
B, Since we were not able to determine K of equation (1)
spectroscopically with a reasonable degree of accuracy,
another procedure was needed Inspection of equation (6)
shows that the slope of a plot of 1/AH vs 1/Bg 1s deter-
mmed by the expression in the square brackets If the
mitial concentration of the acid, Ay, 1s low enough, the
product Ao(1 — AHJAH,), wluch 1s always smaller than A,,
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becomes negligible 1n comparnson with 1/K  This suggests
that the plot of 1/AH vs 1/B, should be almost linear
The extrapolation of the curve to 1/By, = 0, where the
correction term Aq(l — AH/AH,) becomes zero, should
yield 1/AH, as the ntercept and 1/(KAH,) as the imitial
slope

Although this data analysis scheme 1s new 1n calorimetric
studies, 1t 1s 1n principle analogous to double reciprocal
plots introduced 1n some earlier studies (studies of adsorp-
tion 1sotherms, the Lineweaver—Burke plot in enzyme
kinetics)  Since such plots are prone to experimental errors,
the applicability of the method was carefully tested The
pair 4-chlorophenol and NN-dimethylacetamide in CCl, has
been chosen for this purpose The equilibrium constant
for this system 1s relatively high, and so 1t was necessary
to perform measurements at low acid concentration to
satisfy the above mentioned condition The calorimetric
results were obtamned by mixing 4-00ml of 0-001 M 4-
chlorophenol in CCl; with 2 00 ml of NN-dimethylacetamide
i CCl, the concentration of which was progressively raised
from 001 to 008xm A good linear relationship between
1/AH and 1/B,, correlation coefficient > 0-99 (eight ex-
perimental values), supports the present data treatment
method Linear regression of the experimental data gave
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FiGUurRe Inverse plot of the enthalpy of complex formation of
peroxybenzoic acids with various oxygen bases in CCly at 25 °C
(1)  p chloroperoxybenzoic acd-THF, (2), p chloroperoxy-
benzoic acid-DMF  (3), p-t butylperoxybenzoic acid-DMAA,
{4) p-chloroperoxybenzoic acid-DMAA, (5) m chloroperoxy-
benzoic acid-DMAA

Calorimetric (equilibrium constants and enthalpies of complex formation) results for hydrogen bonded complexes of

substituted peroxybenzoic acids with acceptor bases in carbon tetrachlonde

Peroxy acid-acceptor base K/1mol-! ¢

p-t-Butylperoxybenzoic acid-DMAA 40405
m-Cnloroperoxybenzoic acid—DMMA 99+05
p-Chloroperoxybenzoic acid-DMMA 854+ 05
p-Chloroperoxybenzoic acid-DMF 60405
p-Chloroperoxybenzoic acidd—-THF 23405

— AH,/kcal mol-? ¢ pXa Adpon/ppm?
63401 >8¢
71+£01 7 60¢
66+01 767¢, —0 364 248 4005
60+£01 —1 5¢ 225+ 005
58401 —2 02! 099 + 007

a Calonimetric measurements were carried out at 25 °C in a commercial LKB 100700 2 batch microcalorimeter with gold reaction

cells
2 00 ml of base 1n the same solvent
4 00 ml of CCl, and 2 00 ml of the same base solution

ments showed the enthalpy of dilution of the peroxy acid to be negligible
solutions of p-t-butylperoxybenzoic acid (8%)

was detected P Adpomr = Soon {base) — 8pom (CCly),

P Robson, and E R Wilson, Trans Faraday Soc, 1962, 58, 1846
e P Haake, R D Cook, and G H Hurst, J Am Chem Soc, 1967, 89,

tE£ M Arnett, E J Mitchel, and T S S R Murty, J Am Chem Soc, 1974, 96, 3875

Strong Acid Solutions,” Academic Press, London, 1971
2650

Into the larger compartment of the reaction cell 4 00 ml of 0 02 M peroxy acid 1n CCl, was introduced, and into the smaller one
The concentrations of base were 02, 04,08 and 1 6™
Thus the enthalpy of dilution of the base was corrected for

The reference cell was charged with
Separate experi-
No decomposition of peroxy acids under these conditions
¢ Data from J F Goodman

d M ILaler ‘Reaction Mechanisms in Sulfuric Acid and Other
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AH,y = (76 + 0-1) kcal mol~' and K = (205 4 20) 1 mol-?!,
values which are in close agreement with those reported by
Drago and Epley: AHy = (7-3 &+ 0-1) kcal mol-! and K =
(207 + 25)  mol—1.4}

The enthalpies of complex formation for some substituted
peroxybenzoic acids with oxygen bases are presented in the
Tigure. For all pairs studied good straight lines are
observed in the inverse plot. First-order regression
analysis of the data yielded the values for AH, and K in the
Table. AH, values are sensitive to the acidity of the
peroxy acid as well as the basicity of the oxygen base.
Deshielding of OOH protons in n.m.r. spectra of peroxy
acids in basic solvents (as compared with CCly solutions)
also correlates well with AH, A progressive reduction of
reaction rates together with increasing enthalpies of activa-
tion for oxidation of cyclohexene with t-butylperoxy-
benzoic acid, when going from less basic to more basic
solvents, also parallels the trend in AH, values. (CCl,

{1lcal = 4-184 J.

1 For a review, see: L. Lamberts, Ind. Chim. Belg., 1971, 36, 347.
2T. F. Bolles and R. S. Drago, J. Am. Chem. Soc., 1965, 87, 5015.
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ky = 37-5 X 1071 mol~1s™1, AH?! = 10-4 kcal mol—!; tetra-
hydrofuran, THF, 4, = 2-80 x 10~*1mol~'s™, AH! =
14-6 kcal mol—!; NN-dimethylformamide, DMF, %, = 1-61
X 1041 mol-1s-1, AH* = 155 kcal mol—!; NN-dimethyl-
acetamide, DMAA, %, = 0-80 x 10~*1mol-1s!, AH} =
16-4 kcal mol™1; rate constants refer to 20 °C; kinetics were
followed iodometrically, standard deviations in %,, 4+ 39%).
All these results strongly suggest that the strength of the
intermolecular association between the peroxy acid and
base is the major factor influencing the kinetics of oxida-
tion with peroxy acids of olefins,® and most probably
acetylenes® and sulphides®? as well, when oxygen bases are
used as solvents.
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