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ABSTRACT

The interaction of L-phenylalanine with a-cyclodextrin in aqueous solution has been
studied by calorimetry at 25° C.

The results indicate that inclusion occurs: the value of the association constant is in very
good agreement with that obtained from diffusion measurements.

INTRODUCTION

The peculiar ability of cyclodextrins (cycloamyloses) to form inclusion
complexes with a variety of organic and inorganic compounds, either in
solution or in the solid state, has aroused the interest of many researchers,
and much has been written about their chemical, physico-chemical and
biological properties [1].

The thermodynamics of the inclusion of several organic compounds in
a-cyclodextrin has been recently studied in our laboratory [2], as well as the
isothermal diffusion of a-cyclodextrin in binary and ternary aqueous solu-
tions [3,4]. The effect of the inclusion equilibrium upon the cross-diffusion
terms has been described for the system a-cyclodextrin-L-phenylalanine—
water.

This paper presents a calorimetric study of this system. The value of the
binding constant is shown to be in very good agreement with that given by
diffusion measurements.

EXPERIMENTAL
Materials

The a-cyclodextrin (CD) and L-phenylalanine (L) used were Sigma prod-
ucts. The CD water-content was determined by drying a sample to constant

* Presented at the 10th AICAT, Pisa, Italy, 11-14 December 1988.
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TABLE 1

Calorimetric results

mic mc my my AH*/mc
(mol kg™ (mol kg™ 1) (mol kg™ 1) (mol kg™ ") (I mol™ 1)
0.01154 0.00562 0.1374 0.0705 —3776
0.01154 0.00564 0.1274 0.0652 —3632
0.01154 0.00563 0.1094 0.0560 —3339
0.01154 0.00537 0.0957 0.0512 — 3065
0.01154 0.00562 0.0820 0.0420 — 2698
0.01154 0.00562 0.0686 0.0352 —2404
0.01154 0.00560 0.0541 0.0279 —2028
0.01154 0.00560 0.0408 0.0210 —1640
0.01154 0.00561 0.02711 0.0139 -1177

hee=—3920 J mol ™! (mol kg™*)™! (eqn. (4)) [2]; AL = +1174 T mol ! (mol kg~ ")~ ' (eqn.
(4)) [9] (the higher order k terms in eq. (4) were negligible).

AHZ =—7700 J mol ! (enthalpy of binding reaction).

Kp=13.6+1 kg mol ! (equilibrium constant).

weight: 6H,0O molecules per CD molecule were found [3,4]. This was taken
into account when preparing the CD solutions.
All solutions were prepared by weighing, using double-distilled water.

Calorimetry

Calorimetric measurements were performed at 25 ° C with an LKB 10700-1
microcalorimeter by mixing CD solutions of initial molality m;. with L
solutions of initial molality m; .

The experimental heat values were obtained from the following expression

AH= —(dQ/dt)/P, (1)
where dQ/d¢ is the heat flow and P, is the total mass flow-rate of water
flowing through the calorimeter. The experimental results are collected in

Table 1.
Calorimetric experiments are described in detail in the literature [2,5-7].

PROCESSING OF THE DATA

The inclusion of a guest molecule in the cyclodextrin cavity is schematised
by the following expression, assuming that 1:1 complex is formed

CD+L=CD-L+AHy (2)
where L indicates any guest molecule (L-phenylalanine in this case) and
AHy is the standard molal enthalpy of inclusion.

The enthalpy of interaction between the two solutes, AH™, is given by the
enthalpy of mixing of two binary solutions, AHy, minus the enthalpy



157

changes due to the dilution of each solute in the mixing process [6]
AH* = AHM[(mIC)(mIL) - (mc, mL)] — AHpc(myc = mc)
— AHp (my, > my) (3)

where m;c and my; are the initial, and m and m, are the final molalities
of the two solutes, and AHp- and AHp,; are the enthalpy changes due to
the dilution (J kg~ ! of solvent) of each solute from the initial to the final
molality

(1/m) AHDs(mls - ms) = hss(ms - mls) + hsss(ms - mls) (4)

where s represents CD or L. The & coefficients in eqn. (4) are evaluated
from the experimental heats of dilution of binary aqueous solutions.
The standard molal enthalpy of inclusion is given by

AHy =AH*/mc .y (5)

where m; is the molality of the complex present in solution.
When a large excess of the guest molecules is present m.; = mc, so that

AH:f:(AH*)SAT/mc (6)

where (A H*)g47 is the enthalpy of interaction measured at CD saturation.

1
o
T
=y
T
*

Fig. 1. A, Enthalpies of interaction for the system CD-L—water at 25°C (kJ mol™!) as a
function of the ratio between the phenylalanine and the cyclodextrin molalities; B, Graph of
eqn. (8): the free ligand molality was computed by iteration from eqns. (8) and (9).
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The enthalpy of interaction (eqn. (3)) is related to the molality of the free
guest molecules, mg,, and to the binding constant, Ky, through the follow-
ing expression [8]

AH*/mC=AHBGKBmFL/(1 +KBmFL) (7)

Equation (7) is similar to a Langmuir isotherm and can be rewritten in a
linear form

me/AH* =1/(AHZ Kymp, ) + 1/AH$ (8)
where, for each value of AH *, the molality of the free ligand is given by
me =my —mc AH* /(AH* )sar (9)

m, being the total stoichiometric molality of the guest molecule.

Neither the molality of the free ligand nor the enthalpy change at
saturation can be measured directly. AHF and K are therefore obtained
from eqns. (8) and (9) by iteration. However, in the absence of any
information concerning the solute activity coefficients, only an apparent
binding constant can be obtained.

The numerical values of AHy” and Ky for the present system are given in
Table 1. Figure 1 shows AH* /m versus mc/m; and eqn. (8) plotted using
our data.

COMPARISON WITH DIFFUSION DATA

The isothermal diffusion process in a three-component system (solute 1,
solute 2 and solvent s) is described by Fick’s equations

—J, =Dy, grad C, + Dy, grad C, (10a)
—J, =D, grad C, + D, grad C, (10b)

where the D,, terms are the main diffusion coefficients accounting for the
diffusion of each solute under its own concentration gradient, while the D,,
terms are the cross-diffusion coefficients accounting for the diffusion of
solute 7 under the concentration gradient of solute J.

In general, cross-terms cannot be ignored. They may indeed be of the
same order of magnitude as the main ones and even greater [10,11]. In dilute
solutions, however, they become negligible and approach zero as C; and C,
approach zero.

However, when an association equilibrium is present between the solute
species, an appreciable effect has to be expected on the cross terms, even in
dilute solution [12-14].
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In the presence of a third species, the complex between solute 1 and
solute 2, eqns. (10), should be replaced by

—J* = D} grad C;* + D} grad C + D} grad C;' (11a)
—J3 = D3, grad Cf* + D}, grad CJ + D,, grad C; (11b)
—J} = Dj; grad C* + D3; grad C}f + D3 grad G} (11¢)

where the cross-term diffusion coefficients D;% give the interactions of the
solute species caused only by the diffusion process. They are independent of
the chemical reaction.

In terms of the constituent species

J,=Jr+ I, L=1+J (12)
C,=Cf+Cf, C,=C+C} (13)
and the binding constant, in terms of molarity, is

Kc= G /(G ey) (14)

The molar binding constant (eqn. (14)) is related to the molal binding
constant by the expression

K= KB(IOOO + ZmSMS) /1000d (15)

where d is the solution density and M is the molecular weight of species s
(s being CD and L).
In dilute solution, eqn. (15) reduces to

K-.=Kg/d (15a)
In aqueous solutions, K~ and Ky differ by a few per cent.
Assuming that, in dilute solution, all cross-terms, D/} (i # j), are negligi-

ble in eqns. (11), by inserting eqns. (11)~(14) in eqns. (10), one obtains, after
some rearrangement

D,, {(D +D33)+(D11 D?B)[l_KC(CZ_Cl)]R} (16a)
Dy, = }{(D3— DY) + (D} — DJ)[1 + Kc(C, - C)] R} (16b)
D, = }{(D} - D%) + (D — D3)[1 - K (G, — C)] R) (16c)
Dy = 3{(D} + D3) + (D} — D3)[1+ Kc(C, - Cy)] R) (16d)
where

1
3

={[1+ k(G- )]’ +4KC,) (17)

In order to compute K- from eqns. (16) and (17), the diffusion coeffi-
cients of the binary systems CD-water (D;) and L-water (D) were used
for DYy and D}; D35 and K. were chosen as the values giving the best
agreement with the experimental D,; data.
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TABLE 2

Diffusion data for the systems L-phenylalanine-water [9] and a-cyclodextrin—vL-phenyl-
alanine—water at 25°C [4]: cyclodextrin molarity: C;=0.02015 for all solutions; C, is the
L-phenylalanine molarity; and D; is the diffusion coefficient of L-phenylalanine in the binary
solution [9]

G Dy Dy, Dy, Dy, Dy,
(mol 171) (X10%cm? sec™ 1)

0.02503 6.973 a 3.276 —0.007 -0.411 6.287
3.318 —0.006 —-0.633 6.483
6.705 c 3.318 —0.006 —-0.592 6.248
0.05001 6.895 a 3.245 —0.002 —0.951 6.315
3.257 —0.004 -1.110 6.541
6.630 c 3.257 —0.004 —-1.037 6.300
0.07491 6.821 a 3.177 +0.005 —-1.220 6.298
b 3.210 —0.003 —1.465 6.557
6.559 c 3.210 —0.003 —1.394 6.379
0.1002 6.753 a 3.157 0.000 —1.630 6.332
3.127 —0.002 —1.780 6.546
6.493 c 3.127 —0.002 —1.617 6.305

a, Experimental data. b, Data computed through eqns. (16) using the following D*:
D} =3.395x10"¢ cm? sec™! from ref. 3; D= Dy; D}=29x10"% cm® sec™!; and
K =10 dm® mol ™! from ref. 4. ¢, Data computed correcting the D; values for the viscosity
of the 0.02015 M cyclodextrin solution: n/%,=1.04, D= D /(n/ 1)

Table 2 sets out the experimental diffusion coefficients of the binary
system L-water, those of the ternary system C-L-water, and the values
computed with eqns. (16). The data are taken from refs. 3 and 4.

The phenylalanine diffusion coefficient measured in water (D, ) may be
corrected for the viscosity effect due to the presence of CD, so one obtains
D}, = D;ny/n, where n/m, is the relative viscosity of the 0.02015 M CD
solution. This correction greatly improves the agreement between the experi-
mental and computed diffusion coefficients for the ternary system (see Table
2, lines ¢ and footnote c).

CONCLUSION

The agreement between the calorimetric binding constant of phenyl-
alanine to a-cyclodextrin, 13.6 kg mol™', with that obtained from diffusion
data, 10 dm® mol~!, is surprisingly good, especially since the unknown
cross-terms, D%, were neglected in eqns. (16). This assumption, though
reasonable, oversimplifies the mechanism of the transport process.

In our opinion, other systems with binding equilibria could usefully be
studied so as to test the reliability of eqns. (16) in a broader set of
experimental conditions.
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