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ABSTRACT

Heats of dilution data for 1,3-dimethyluracil, 1,3,6-trimethyluracil, 1,3-dimethylthymine,
1,3-diethylthymine, 2-methylamino-9-methylpurine, 6-dimethylamino-9-methylpurine and
caffeine, and total pressure data for 1,3-dimethyluracil, 1,3,6-trimethyluracil and 1,3-diethyl-
thymine diluted aqueous mixtures are reported. The results are correlated by means of the
NRTL equation. The ability of this equation to represent the thermodynamic functions of
diluted mixtures of alkylated nucleic acid—base water mixtures is discussed.

INTRODUCTION

Model compounds, bearing the molecular structure of nucleic acid seg-
ments, provide a means of investigating of the molecular features that
contribute to the structural stability of these acids in aqueous solutions.
Knowledge of such systems is poor and there is a need for more results,
especially for simple model systems suitable for explanation of the solution
behavior.

The purpose of the present paper, one of a series [1] on the thermody-
namics of solute-solvent interactions in dilute aqueous solutions of nucleic
acid-base mixtures, was to determine the thermodynamic excess properties
and provide an adequate description of these solutions. Caffeine and al-
kylated derivatives of uracil, thymine (1,3-dimethyluracil, 1,3,6-trimethyl-
uracil, 1,3-dimethylthymine and 1,3-diethylthymine) and amino purine (2-
methylamino-9-methylpurine and 6-dimethylamino-9-methylpurine) were
chosen as model compounds.

In the reported investigations of solute—solvent interactions, the thermo-
dynamic properties are usually discussed in the form of apparent molar
values, as functions of solution molalities, a tedious form for thermodynamic
computations. In this paper an effort is made to obtain an exact description
of the investigated systems in terms of excess properties, calculated from
experimental heats of dilution (Q) and total pressure data.
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An effort was made to correlate the results by means of the NRTL
equation and its proposed modifications, making allowances for association
and solvation effects [2]. This was justified by the well-known good perfor-
mance of this model in the representation of excess chemical potentials at
infinite dilution, even for the systems forming two liquid phases at higher
concentrations.

EXPERIMENTAL
Materials

The substances used were supplied by the Institute of Biochemistry and
Biophysics, Warsaw [1]. The purity was checked by the cryometric method
(CM) [3] or by gas-liquid chromatography (GLC). The heats of fusion (H;)
and melting temperatures were determined with the use of a DCM-2
differential scanning microcalorimeter calibrated with indium and tin stan-
dards. This calibration was checked using benzoic acid standard containing
99.98 mole% of pure component. The obtained value, H,=18.21 + 0.61 kJ
mol ™!, corresponds well with the value H; =18.00 + 0.10 kJ mol ' reported
for benzoic acid by Furukawa et al. [4]. The results obtained are reported in
Table 1.

Heat of dilution

The measurements were made at 298.05 + 0.01 K, 207.89 + 0.01 K and
317.75 + 0.02 K in a batch microcalorimeter (LKB 10700-2). A solution of
known mass and composition was placed in the calorimetric vessel and
known masses of water were then introduced stepwise to the vessel. The heat
of dilution, Q(x], x{’), representing the change of the solution enthalpy with
the change of solution concentration from mole fraction x; to x;’, was
measured for each step. Qualitative results for solutions containing uracil
and thymine derivatives were reported graphically elsewhere [1], quantitative
data are given in Table 2. The measured accuracy of heat effects was +0.02
J mol~! and of concentration +0.0002 mole%.

Total pressure

The ebulliometric method proposed for determination of activity coeffi-
cients at infinite dilution, y;°, and described elsewhere [5] was used. The
measurements were made for the aqueous solutions of 1,3-dimethyluracil,
1,3,6-trimethyluracil and 1,3-dimethylthymine in the concentration range
0-0.007 mole fraction of these compounds (x;) at constant temperature
T(K)= 313.167, with calibration accuracy + 0.004 and fluctuations lower
than 0.0005 K. The obtained total pressure values (P,,,) listed in Table 3

Xp
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TABLE 3

Total pressure (P) of aqueous mixtures of pyrimidines

Mole fraction Total pressure (Piin — Peyp X(Pa) (PurTL — PexpN(P2)
of pyrimidine P, (Pa)
X1

1,3-Dimethyluracil

0.0000 7366 =27 -
0.0013 7354 0.0 2.6
0.0024 7347 -1.3 1.3
0.0034 7338 1.3 34
0.0044 7330 2.6 4.1
0.0055 7321 4.0 5.4
0.0065 7317 0.0 2.2
0.0075 7314 —4.0 -2.4
RMSD(P) 2.5 33
1,3,6-Trimethyluracil

0.0000 7366 -0.6 -
0.0009 7359 -0.3 04
0.0017 7354 -0.6 0.1
0.0033 7339 2.9 35
0.0043 7335 -0.1 04
0.0060 7325 -1.3 -1.0
RMSD(P) 1.3 1.6
1,3-Diethylthymine

0.0000 7366 1.1 -
0.0011 7363 -1.9 -31
0.0024 7354 0.7 -0.6
0.0034 7349 0.8 -0.6
0.0053 7341 -1.0 -2.9
0.0064 7334 0.0 -22
0.0076 7327 0.4 -21
RMSD(P) 1.0 2.2

were fitted by the least-squares method with the linear equation
— po0 .
Py = Py,o +ax, (1)

where a is an adjustable parameter, and P,‘_’lzo is the vapour pressure of pure
water.

The obtained values of szo and a are given together with correlation
coefficients in Table 4.

CORRELATION AND PREDICTION

Heat of dilution [Q(x{, x{")] of the solution from solute 1 concentration
x{ to xi” represents the difference of excess enthalpy HF at concentration x{,
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TABLE 4

Computed constants of eqn. (1)

Substance Pg,o(Pa) a(Pa) Correlation
coefficient

1,3-Dimethyluracil 7363 7209 0.991

1,3,6-Trimethyluracil 7366 7002 0.996

1,3-Diethylthymine 7367 5172 0.997

and at concentration x;
i E E
Q(xi, x)") = H¥| ;g — HE | (2)

HE at given temperature T can be computed from the measured values of
heat of dilution only on assumption that a model reproducing HE as
function of mixture composition at the same T is known. The NRTL
equation is frequently used [6,7] for this purpose, possessing the advantage
of simultaneous representation of excess Gibbs energy (GE) and HE. For a
binary mixture the following form of the NRTL equation is used

E_ 12012 7102
¢ RTxx, X1+ %G, X, +x,Gy (3)
where
8i;i— 8/
WSTRT 4)
Gij= exP('"a'Tij) (5)

where a, (g;;,— g;,) are adjustable parameters, and subscripts 1 and 2 refer
to the solute and water, respectively. Equation [3] can be rearranged to
represent HE according to the Gibbs—Helmholtz relation

E_ GE a_GE
H®=G"-T5x (6)
For this purpose equations relating the adjustable parameters to 7T are
necessary. A linear dependence of parameters from T was given for this
purpose by Renon et al. [8]. As good results were obtained using eqn. (4) for
the temperature dependence of the NRTL equation parameters [6,7] and due
to the small T interval, the last method was chosen. The a parameter was
fixed at —1, following the recommendation of Marina and Tassios [9].

The computed values of NRTL parameters are given in Table 5 together
with root mean square deviations of heat of dilution (RMSD Q) computed
according to

(QNRTL - Qexp )2

n

RMSD(Q) = \/ (7)



103

0,4

oo 0.02 003 xt

-1
QnrTL-QEXP I J mol l
b, |

|

Fig. 1. Plot of deviations of calculated and experimental values of heat of dilution calculated
by means of the NRTL equation with two adjustable parameters [eqn. (3)] at: 298.05 K (®);
307.89 K (%), and 317.75 K (O). a = Deviations of values calculated by means of the NRTL
equation with four adjustable parameters (NRTLMK).

TABLE 5

Parameters of the NRTL equation of aqueous solutions calculated from heat of dilution

measurements (parameter a = —1) and limiting values of chemical potentials u{° at tempera-

ture T

Solute (1) - T(K) G;,-Gy; Gyn—Gy; RMSD(Q) pf

(@ mol™) (I mol™?)

1,3-Dimethyluracil 298.05 84594 175327 0.034 ~ 563
307.89 689.95 —1334.78 0.060 —431
317.75  —524.56 13462 0.074 —295

1,3,6-Trimethyluracil ' 298.05 923.65 —2315.37 0.081 -974
307.89 893.69 —2252.22 0.101 —985
317.75 87991 -—2284.98 0.162 - 1057

1,3-Dimethylthymine 298.05 —1698.88 —40.01 0.032 —896
307.89 —1702.44 —89.49 0.047 —965
317.75 -—171252  —135.28 0.068 —-1031

1,3-Diethylthymine 298.05 1508.27 —4649.11 0.016 —1877
307.89 1518.44 —4566.18 0.044 ~1818
317.75 1511.15 -—447511 0.036 —1798

2-Methylamino-9-methylpurine 298.05  —987.67 —2289.32 0.036 —2952
307.89 —978.99 —2001.04 0.050 —2669
31775 —1096.41 --1774.66 0.042 —2499

6-Dimethylamino-9-methylpurine  298.05 1071.37 -7412.11 0.019 —5761

' 307.89 —1015.56 —4070.16 0.092 —4753

317.75 -—1016.26 —4527.64 0.059 -5219

Caffeine 298.05 —1187.15 —1042.48 0.029 —1778
307.89 -—1162.16 —1071.22 0.031 —1809

317.75 -1206.77 -—1029.27 0.035 —17%94
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TABLE 6
Relative root mean square deviations (RMSD) of Q; data reduction using the NRTL

Substance No. T(K) NRTL Eqn. (8)
of pts.

Parameter RMSD  Parameter RMSD
No. No.

1,3-Dimethyl- 8 298.05 2 10.1 2 32.8
uracil 8 307.89 2 5.5 2 5.6

7 31775 2 41 2 11.2

1,3,6-Trimethyl- 14 298.05 2 3.0 2 49.7
uracil 14 307.89 2 49 2 31.9
13 317.75 2 5.5 22 40.3

1,3-Dimethyl- 9 298.05 2 44 2 8.7
thymine 10 307.89 2 53 2 6.7

9 317.75 2 5.7 2 2.2

1,3-Diethyl- 6 298.05 2 04 2 3.6
thymine 7 307.89 2 04 2 5.3

8 317.75 2 04 2 5.6

2-Methylamino-9- 9 29805 -2 9.9 2 3.2
methylpurine 9 307.89 2 11.0 2 38

8 317.75 2 111 2 3.2

6-Dimethylamino- 12 298.05 2 1.8 2 41.6
9-methylpurine 14 307.89 2 6.9 2 27.5
11 317.75 2 39 2 21.3

Caffeine 8 298.05 2 8.4 2 2.0
9 307.89 2 7.8 2 3.5

8 317.75 2 8.7 2 5.1

where n is the number of experimental points, and subscripts NRTL and exp
denote computed and measured values, respectively.

The heat of dilution of 1,3-dimethyluracil residuals are plotted against
mole fraction (Fig. 1). The values of deviations are small, but exhibit some
systematic deviations similar at all temperatures. This situation is typical for
all considered substances and shows that the flexibility of the NRTL
equation is insufficient. Other equations were tested. The results were similar
to these obtained by means of NRTL with three adjustable parameters,
UNIQUAC and NRTL with provisions for association according to the
Mecke-Kempter model (NRTLMK) as proposed by Gierycz [2]. In Fig. 1
the residuals of heat of dilution are plotted for the Gierycz model. The
deviations are smaller but still bear the same concentration dependence.

A comparison of total pressure values calculated using the NRTL equa-
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equation and eqn. (8) with a variable number of adjustable parameters

Parameters of eqn. (8)

Param- RMSD B, B, B, B, B,

eter

No.

3 284 —142.06 93.74 —-20.35

3 35 —291.89 257.33 —88.37

3 4.0 —316.46 222.83 —62.34

5 8.0 —-736.05 827.46 —483.14 137.78 —14.83
5 2.2 —916.87 1216.98 —947.09 382.83 —60.68
5 4.2 —888.83 915.83 —526.39 151.88 —16.80
4 14 —1064.49 2181.50 —2551.79 1275.13

3 2.7 —-1108.93 1775.81 —1230.77

3 0.9 —1146.58 1616.22 —-977.79

3 0.9 137.03 1009.82 —711.38

3 2.0 140.57 557.46 —266.44

4 0.7 -219.59 1264.52 —1146.79

4 1.6 Unreasonable values

4 2.8 Unreasonable values

4 1.9 Unreasonable values

5 47 Unreasonable values

5 38 Unreasonable values

5 4.3 Unreasonable values

3 1.6 —25468.9 229514.8 —828593.2

3 3.2 —25109.9 227159.3 —-901337.1

3 2.3 —26693.8 325954.6 —2113608.6

tion in its simplest form (a« = —1) with the experimental values shows that

this equation represents satisfactorily the thermodynamic properties of dilute
solutions of pyrimidines and can be used to represent properties of aqueous
solutions of alkylated nucleic acid—base mixtures.

For further comparison the correlation of Q by means of two constants
for the NRTL equation and for eqn. (8) used by Savage and Wood {10] was
made

k
Q=Y B(mj—mj}) ' (8)

Jj=1
where m, is the molality of solution before dilution No. i; my is the

molality of solution after dilution No. i; B, is an adjustable parameter; and k
is the number of adjustable parameters.
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Fig. 2. Excess thermodynamic properties of diluted mixtures of 1,3-dimethyluracil at: 298.05
K (@), 307.89 K (%), and 317.75 K (O).

In eqn. (8) molalities are used as concentration units; in NRTL equations
mole fractions are used. Consequently, heat of dilution is calculated per 1
mole of solute in the former case and per 1 mole of mixture in the latter. For
a comparison of the results the root mean square deviations (RMSD) were
calculated for both methods according to

. . 2
i ( c(-,xia - f:a}c)
=1 ()
RMSD = 100 — k” (9)

where n is the number of dilution experiments, and k is the number of
adjustable parameters. Subscripts exp and calc indicate measured and com-
puted values from the equation, respectively. The RMSD values computed
according to this formula can be directly compared.

A comparison of the correlation by eqn. (8) and the NRTL equations
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K (®), 307.89 K (), and 317.75 K (O).
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Fig. 5. Excess thermodynamic properties of diluted mixtures of 1,3-diethylthymine at 298.05
K (®), 307.89 K (X), and 317.75 K (O).

(3)-(6) is given in Table 6. The correlation results for the same number of
adjustable parameters are always much better except for 2-methylamino-9-
methylpurine, but in this case the obtained absolute values of parameters
were higher than 106 and due to this better fit can be treated as accidental.
In general, in order to obtain a similar performance using eqn. (8) to that
achieved by the NRTL equation with two adjustable parameters, three to
five adjustable parameters are necessary. In addition, the NRTL equation
produces simultaneously information regarding other thermodynamic prop-
erties of mixtures, such as SE and GE.
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Fig. 7. Excess thermodynamic properties of diluted mixtures of 6-dimethylamino-9-methyl-
purine at 298.05 K (®), 307.89 K (%), and 317.75 K (O).
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Fig. 8. Excess thermodynamic properties of diluted mixtures of caffeine at 298.05 K (®),
307.89 K (X), and 317.75 K (O).

CONCLUSIONS

The HE, GF and excess entropy S of the investigated compounds are
presented in Figs. 2—-8. As can be seen from the figures, at low concentration
all mixtures have negative values of HE and Gt and positive values of SE.
The GE values of uracils become positive with increase in concentration. The
HE values of 1,3-diethylthymine became negative at very low concentrations.

To characterize the mixtures of infinite dilution the values of excess
chemical potential, pE, at infinite dilution are given in Table 5. In order to
visualize the behaviour of the investigated compounds in mixtures, computed
values of p® are reported at different concentrations in Table 2.
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