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An adiabatic solution calorimete r wa s used to measure enthalpies of solulion in wate r uf 7 urac il samples in 

a co nce nt ra ti on ra nge of 3 to 4 5 I11mol· kg- I and over a temperature ra nge of 298 K to :325 K. Ana lytica l d ata for 

the sa mples are give n. 

Our best va lue for the e nthalpy of soluti on is 

Mr (co, 298.1 5 K) = (29. 3 ± 1.2) kJ· mol- I 

a nd for the c ha nge in heat ca pac ity for the reac ti on with temperature , 

de,," = (57 ± J3) J . 11101- 1 • K- 1 

No c hange in the e ntha lpy of soluti on with concentrati on was found in thi s range . Va lues we re ca lcul ated for the 

e ntropy of solution , LlS 0 = (68. J ± 4.2) J. 11101- 1 • K- I, a nd for the a ppa re nt molal heat ca pac it y at infinit e 

d ilution, Cp ~ = (178 ± I S) J . mol- I. K- I. 

Ke ywords: Calorime try; 2,4-dioxopyrimidine; nuc le ic acid bases; 2,4(l H, 3 H)-pyril11idinerlione ; the rmuc he mi stry; 

u rac il: de ns it y, e nthalpy of solution, entropy of soluti on. 

1. Introduction 

Three earlier p apers in thi s seri es have desc ribed our 

measure me nts of the e nthalpies of solution in wate r of 
adenine, thymine, a nd cytosine [1 , 2 , 3]. t Similar informa­

tion is give n in thi s pape r for urac il , a pyrimidine base of the 

nucle ic acids. The structural formul a [4] is 

The solubility in H20 is 3. 0 g ' L - I [5]2 at 298 K; uracil 

sublimes a nd decomposes before melting. Onl y one value for 

1 Figures in bracke ts ind icate the literature refere nces at the e nJ of Ihi s paper. 
2 T he National Bureau of Standards (U.S.) has rece ntly recornme nded the use of the 

sy'mbol " L" for the lit e r~ the metric unit commonly used to measure volume 16]. 

the enthalpy of solution in H20 has been re po rted pre vi ous ly 
[7], and tha t was a sma ll part of a stud y 0f tra nsfer 

coe fficients whe re the purity of the sa mples was not a major 

consideration. 
In thi s series, characteriza ti on of the sa mpl es is empha­

sized in order to ass ign rea li s tic uncerta int y limil s to lhe 
measured values for the e ntha lpy of solution. Samples of 
uracil as received from three commercia l sources a re com­

pared with samples whic h were furth e r purifi ed by sublim a­
tion and by recrystallization from H20 a nd fro m eth yl 

alcohol. Enthalpies of solution of uracil in H20 we re mea­
sured in the te mperature ran ge , 298 to 325 K, a nd in lhe 

concentration range , 3 to 45 mmol · kg- I. 

2. The Uracil (Ura) Samples 

E nthalpies of solution we re measured on three urac il 

samples as received from cOlllme rc ial sources.3 The following 
information about these samples was obta ined primarily frolll 

3 The information presented in this pape l' is in no way int ended as an endorsement 
nor a condemnation of any of the materia ls or services used . Commerical sources are 
named only for spec ific identifi cation. 
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labels, catalogs, and brochures supplied by the manufac- materials, and analyses of emission spectra, x-ray powder 
turer: patterns, and elemental composition. 

Ura I Ca lbiochem, Cat. No. 6630, Lot 802190, Crade A, 100 g, 
received about 1970 - exact date unknown. Analysis: Nitroge n, 25.10%. 
Spectra at pH 7: 250/260 0.83, 280/2600.16, A max 260 mIL, E' max 8130. 

Chromat. Homogeneous. 

Ur~2 Eastman Organic Chemicals, Cat. No. 2504, Lot 24A, 10 g 
received about 1970 - exact date unknown. MP 3350 dec. (This material 
had an off-white color when compared with Ura 1 and 3.) 

Ura 3 E-M Laboratories, Cat. No. 8460, for biochemistry, Lot 

4955541, 100 g rece ived August 1974. Type Analysis: Assay 98% (ref. to 
dried substance). Optical properties, measured values at pH 7: A max 260, 

E250/E26{) 0.83 ± 0.02, E280/E260 0.20 ± 0.02, E290/E260 < 0.02. Thin 
layer chromatograph y: Layer: TLC plates PEl-Cellulose F, precoated , 
Solvent: 1M NaCI solution, /if value: -0.7. 

Ura 4 Same as Ura 3 except 25 g received November 1974. 

Portions of Ura 3 were furthe r purified in this laboratory 

according to the following procedures: 

Ura 3a and 3b were recrystallized from H20 and 90% ethyl alcohol and 

dried according to the procedures described in detail for Thy 3a and 3b [21· 
Approximately 1. 5 g of Ura 3a and 14 g of Ura 3b were obtained as the final 

products. 

Ura 3c was vacuum-sublimed according to the procedures described 
prev iously for Ade Ie and 5c [1] . The sublimation temperature was 425 to 

428 K. After about 40 h the sublimation was stopped with some of the 
unsublimed material remaining at the bottom of the vesse l. The vessel, still 
under vacuum, was transferred to a dry box where the sublimate was 

removed. It was very finel y divided and adhered tightl y to the condenser 
(unlike thymine and cytosine which were fluffy and easil y removed). The 
uracil sublimate was chipped off the glass surface, with a stainless steel 
spatula, in flakes which were shiny on the side which had been next to the 
glass surface. However, the glass surface showed no evidence of having 

been attacked by the sublimate. Transfers of this material to the calorimetric 

sample holder were done in a dry box. 

Ura 3d was the unsublimed residue from the sublimation where Ura 3c 
was the product. The residue was discolored with some light brown or beige 

material which was undoubtedly a decomposition product. 

2.1 Characterization of the Samples 

The purity of the uracil could not be determined from 
freezing-temperature measurements because it decomposes 
before melting. Therefore, a search for impurities was made, 
and some of the intensive properties of the samples were 
measured to define the materials on which enthalpies of 
solution were determined. 

In this laboratory the samples were analyzed for H20 and 
volatile matter, impurities by paper and thin layer chroma­
tography (TLC), and approximate values for the density were 
measured. Other laboratories contributed measurements of 
the enthalpy of combustion, heat capac ity of the crystalline 

2.1 .1. Density, Volatile Matter, and H20 

The densities of Ura 1, 2, and 3 as received were " I 

measured by displacement of CC14 (analytical reagent for 
which the specified density at 298 K was in the range of 
1.583 to 1.585 g·mL-I). Details of the procedure were I': 

described previously [1]. The density of the CC14 under 
laboratory conditions was 1.5897 g' mL - I which is the mean 
of three measurements with an average deviation of ±0.0008 
g' mL - I. The measured densities for uracil are as follows: 
Ura 1,1.607 and 1.595 g'mL-1; Ura 2,1.605 g'mL- 1; and 
Ura 3, 1.594 g' mL - I. It was d etermined that the uracil was 
not soluble in the CC14 by filte ring and weighing the dried 
samples after the density measurements; the loss in mass was 
0 .2 percent or less. When the filtrates were evaporated to 
dryness at room temperature, there was no visible residue. 
The mean of the four density measurements, (1.600 ± 
0.011) g' mL - I, was used in calculating the buoyancy factor, ,.J 

1.00060, for the uracil mass corrections in this work. This 
value for the density of uracil is in good agreeme nt with those 
obtained from single crystals: 1.590 g' mL - I from x-ray data 
and 1.625 g' mL - I by floatation [8]. 

The following observations were made on the volatility and 
hygroscopicity of the uracil samples: 

Three portions (1 to 4 g) of Ura 1 and of Ura 2 (contained 
in covered flat aluminum moisture dishes) were weighed, 
then heated at 340 K under vacuum (see [l] for details) for 4 
h, cooled in a desiccator, and reweighed; the procedure was 
repeated with 2-h heating periods for a total of 10 to 14 h of 
heating at which time the materials had either reached 
constant mass or a constant rate of loss in mass. The samples 
of Ura 1 apparently reached constant mass after 6 h heating 
with a loss of ~0.4 mg' g- I; for those of Ura 2, the loss was 
~O. 9 mg' g- I. These samples were subsequently exposed to 

the atmosphere occasionally over a period of 2 years. A 
second series of observations was then made similar to those 
described above except that the vacuum drying was at 375 K 
and single 3-g portions were taken of Ura 1, 2, 3, and 4. 
After about 6 h of heating, Ura 1 again appeared to be at 
nearly constant mass with a loss of ~0.6 mg' g- I; Ura 3 and 
4 were also at nearly constant mass, with a loss of ~O. 9 
mg·g- I. However, Ura 2 lost 1.6 mg'g- I during the first 4 
h and continued loss at a rate of ~0.1 mg' g-l. h- 1 ; if this 

rate of loss (assumed to be due to sublimation) is extrapolated 
to zero time, we obtain the loss due to volatile matter, ~ 1.2 
mg' g-I, which is only slightly larger than the mass loss at 
340 K. 

At this time, the dish containing Ura 1 was opened 
exposing the sample to the atmosphere (35% relative humid-
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ity) while on a balance. Afte r 7 h, a gain of - 0 .8 mg' g- I 
(-0.1 %) was observed but there was no change after an 
additional 18 h. (The gain in mass corresponding to the 
formation of the monohydrate would be 16%.) Thi s agrees 
with the observation of Falk [9] that uracil does not form 
hydrates even at 93 percent relative humidity. Therefore, the 
samples for calorimetric measurements (except the product 
of sublimation, Ura 3c) were transferred to the sampl e holder 
in the laboratory atmosphere (t he maximum exposure time 
was approximately 10 min). 

A third series of vacuum drying observations was made at 
375 K; these were at -22-h heating intervals for about 140 
h. This series included the same samples of Ura 1 and 2 
discussed above and the rec rystallized samples of Ura 3a and 
3b (in glass weighing bottl es) which had been previously 
dried overnight at 340 K at atmospheric pressure. Ura 1 lost 
mass at the constant rate of about 50 /J-g' g- I . h- ' and Ura 2 
at 90 /J-g' g- I . h- ' . These rates would not have been detected 
in the shorter hea ting inte rvals. Ura 3a lost mass at the rate 
of about 151Lg' g- I. h- ' for the first 70 h; thereafter the rate 
increased to about 50 /J-g ' g- I . h- ' . Ura 3b showed a constant 
rate of loss in mass of 15 /J-g' g- I. h- ' for 115 h of heating. 
These constant rates of mass loss are assumed to be subli-
mation rates und er these conditions; however the abrupt 
increase observed in the sublimation rate for Ura 3a cannot 
be explained since the materials were heated simultaneously. 

It is assumed that the best value for volatile matte r in the 
commercial samples as received is obtained by extrapolating 
the results obtained in the second series of vacuum-drying to 
zero tim~. This gives the following values for volatile matte r 
in mass percent: Ura 1, 0.04; Ura 2, 0. 12; Ura 3 and 4 , 
0.05. The recrys ta llized samples, Ura 3a and 3 b, which were 
vacuum dried for extended periods, and the sublimed sam­
ple , Ura 3c, are assumed to be free of volat il e impurities . 

Karl Fischer titrations for H20 (as desc ribed [2]) indicated 
0.05, 0 .30 , 0.10, and 0.13 mass perce nt for Ura 1, 2,3, 
and 4, respec tive ly. The uncertainty in these measurements 

is estimated to be about ±0.1 mass percent. The solubility 
of the uracil samples in the methanol solvent was about one­
fourth that of the other pyrimidine bases, thymine and 
cytosine. These results support the assumption that H20 was 
the volatil e matte r determined by vacuum-drying. Correc­
tions to the calorimetric measurements for H20 in the 
samples were based on the volatil e matte r de terminations 
because the uncertainti es were small er than those in the 
titrations. 

2.1.2 . Other Analyses 

The emi ssion spectra4 of Ura 1, 2, 3, and 4 indicated (in 
add ition to the possible background impurity limits listed 
previous ly [1]) the prese nce in Ura 2 of 0.02 mass percent of 
Fe and Si, and a trace of Mg and a trace of Ag in Ura 3 and 
4. These small amounts of impurities are not regarded as a 
source of signifi cant e rror in the enthalpy of solution mea­
surements. 

Duplicate elemental ana lyses5 of Ura 1, 2, 3 , and 3a are 
given in tabl e 1 where the estimated un certainty in each 
dete rmination is 0.2 mass percent. The C and N analyses for 
all of the samples are somewhat higher than those of the 
theoretica l composition of anhydrous uracil. The oxygen is 
high on Ura 1 and 3a but a littl e low on Ura 2. These 
departures from the theore tical composi tion cannot be ex­
plained on the basis of any of the other analytical data such 
as H20 or volatile matte r. Ura 3 a ppears to be closer to the 
theoreti cal compos ition of anhydrous urac il than the rec rys­
tallized sample, Ura 3a which had been vacuum dried. This 
would indicate that all occluded H20 may not have been 
removed during the vacuum drying. In ge neral , there appears 
to be greater variation in the purity of these uracil samples 
than was found in the o ther bases prev iously desc ribed in 

4 Analyses by J. A. Noms, Center for Analytical Chemistry, National Measureme nt 
Laboratory, National Bureau of Standards. 

5 By Micro Analysis , Inc. Wilmington , DE. 

Table 1. Elemental analyses of uracil samples. 

Subs tance Empiri cal Molecular 
Formula Mass 

g/m:>l 

Theoretica l Compositi on: 

Ur. C4 H4 N20 Z 112.0878 42 . 86 

Ura'H2O C4" 6N20J 130.103 36 .9 3 

Anal ys e s: 

Un 1 43.68 
43.83 

lI r a 2 43.03 
43.20 

Ura 3 43.10 
43.09 

Ur a 3a 43.35 
4 3. 11 

I I 

3 . 60 2B.55 

4.65 36.B9 

3.38 29 .4 7 
3.56 29.1B 

3.60 28 .07 
3 . 59 28.29 

3.59 28 . 72 
3 .56 28.44 

3 .62 29.21 
3 .49 29.20 
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I (Kle1:'h1) 

mass percent 

24.99 

21.53 

25 .32 
25 . 48 

25 .18 
25.30 

25.52 
25.36 

25.39 
25 .2 8 

I Sulfated 
Ash 

0.00 
0 .01 

0.02 
0 .04 

0.01 
0 .01 

0.04 
0 .02 

I 

100 .00 

100 .00 

101.85 
102.06 

99.90 
100.4 2 

100.94 
100.46 

101.61 
101. 10 



this senes. However, there appears to be little if any 
hyd ration in the samples. 

Paper and TLC analyses of the four commercial urac il 
samples as received (Ura 1, 2, 3, and 4) produced the R f 

values (rlistance traveled by the major component/distance 
traveled by the solution front) given in table 2. Four carrie r 
solutions were used with Whatman No. 1 and No. 40 
chromatography papers and with glass TLC plates coated 
with MN300F Cellulose (with fluorescent indicator). Details 

of procedures including observations regarding background 
and sensitivities were discussed previously (1). Our Rf 

values are compared in table 2 with those given on page 
152-3 of the National Academy of Sciences (NAS) publica­
tion [10]. The latter are somewhat lower than ou r values but 
s till within variations to be expected under diffe rent experi­
mental conditions. The estimated uncertainty in reading the 
chromatograms is ±0.02 Rf unit. In the four carrier solu­
tions, the four uracil samples have the same Rf values within 
the uncertainty; and no impurities were detected in any of 
the samples. Thus , all four samples are of eq ual purity 
(probably 95% or more) within the limits of chromatographic 

detection. 

Table 2. Rf values for the uracil samples in N1t40H (aq, 1 mol'L -1) solutions on fluorescen t nc plates and two papers 
with four carrier solut ions. A, 8. C. and D . 

Uracil • a Ba ea Da 

Sa~le No. ne P 1 P 40 ne P 1 P 40 n e P 1 P 40 n e P-1 P-40 

0.65 0.69 0.70 0.57 0.62 0.70 0.71 0.71 0.89 0.78 0.78 

.65 .67 .71 .57 .62 .69 .72 .71 .90 .78 .77 

.65 .69 .72 .57 .62 .69 .72 .71 .93 .77 .76 

.64 . 66 .72 .56 .62 .71 . 72 .71 .91 .78 .75 

NASlJ..CI]b 0.63 0.59 0.70 0.70 

SThe compositions of the carrier (or tank) so lu tions wa s as follows: 

So In A: 5 parts of lso-butyric acid + 3 parts of NH 40H (aq, 0.5 moloL-i). 

Soln B: 7 parts of iso-propyl alcohol + 1 part of conc. NH40H + 2 parts of H2~i 

Soln C: 7 parts of 95% ethyl alcohol + ) parts of sod ium acetate (aq, 1 mol-L ). 

Soln 0: H20 adjusted to pH 10 with NH40H ( '\.1 drop of conc. NH40H in 300 IDL H20) . 

bThe reference lists He1 (aq, 1 1II01·t-1 ) as the so l vent; this lIIay have been an error since we found uracil to be inso luble in 

HCl (aq . 111101.t- l ) . 

2 .1.3. Calorimetric Characterization 

Measurements6 of the heat capacity of our samples of 
c rystalline uracil at 298 K using a drop micro-calorimeter 
gave the following values for Cpo: Ura 1, (1.075 ± 0.008) 
J. g- I. K- ' , and Ura 3, (1.075 .± 0.004) J. g- I. K- ' [ll] . 
The value used in later calculations was (120.5 ± 1.8) 
J . mol - I. K- ' . 

Two measurements7 of the enthalpy of com bustion of Ura 
1 were made in June 1974 using an adiabatic bomb calorim­
eter described previously [12]. The ratios of the CO2 in the 
actual products of combustion to the theoretical CO2 in the 
products of combustion of pure uracil were 0.999 and 0.997 
for the two measurements; this is another indication of the 
purity of the sample. The followin g values for the enthalpy of 
combustion were obtained: t:..Hc ° (298.15 K) = -1717.73 
and -1717.36 kJ· mol- I. These may be compared with the 
value of (-1716.14 ± 0.28) kJ· mol- I [13] from 9 measure­
ments on a commercial sample of unknown purity; the 
products of combustion were not analysed. 

6 By Emesto Friere, Department of Phannacology, University of Virginia. Char­
lottesvilie, VA. 

7 By Walter H. Johnson . Ce nter for Thennodynamics a nd Molecular Science, 
National Measure me nt Laboratory. 

3. Enthalpy of Solution 

The platinum-lined adiabatic solution calorimeter previ­
ously described [14] was used for the 29 measurements 
(between January 1974 and October 1976) of the enthalpy of 
solution of 7 uracil samples in water reported here. The 
calorimeter vessel contained approximately 300 mL of dis­
tilled water. The platinum sample holder has interchangeable 
cylinders; the two used in this work were 0.7 and 3.0 mL in 
volume. Since the solution of uracil proceeded without 
difficulty , a moderate stirring rate, 550 revolutions per min, 
was used. 

In each experiment, the system was calibrated electrically 
before and after the uracil reaction . During the endothermic 
solution reactions, precisely measured electrical energy was 
added in most experiments to prevent a decrease in the 
calorimeter temperature and loss of adiabatic conditions. The 
calorimeter temperature was measured with a quartz oscilla­
tor thermometer system [1, 14). The calibrations of this 
system and those of the standard cell and standard resistors 
used in the electrical energy measurements were given 
previously [1). The general procedures for making the 
measurements and the methods for calculations were de-
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scribed in detail [14]. The 1975 Tabl e of Atomic We ights 

[15] was used in calculating the following mol ecular masses 
used in this work: uracil, 112.0878 and H20 , 18.0152. For 
energy converSIOns, 1 thermochemical calori e 4.184 

joules. 
The data for the enthalpy of solution measurements of 

uracil in water are given in tabl e 3 . The Experiment Number 

is a serial number for expe riments with thi s calorime ter and 
indicates the chronological orde r of the experiments. The 

Reaction Period is the elapserl time betwee n initiating the 
reaction and the beginning of the rating period whi ch follows 

the reaction. Treac tion is the mean of the initial and final 
temperatures of reaction. The estimated calorimetric uncer­
tainty for an experiment, Cal. Unc., is based on the duration 

of the reaction , the magnitude of the temperature change 

D_ 1& for __ III _ n t8 of the .. nt lll.lpy of 80lut l on In H20 of vllrlo ... " " 111'1" . o f u n ell. 
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1 5.25 

from the reaction, and the standard deviation of the slope of 

the rating period following the reac tion (see [1] for details). 

The heat of the solution reac tion, Q reac ti on, is given by the 

followin g equati o n: 

Q reacti on 
, (Ei +Ef) .1. 7 rea ction --2-- - q "a p 

where the e lectri ca l ene rgy equiva le nt s (in J. K- I) of the 

initial and final systems are Ei and Ef ' the te mpe ra ture 

change due to the solution reaction is .1. T reac ti on, and the 
heat of vaporization of wate r into the air space in the sampl e t: 'r :::::":;' ("q:":i'~:" ':"";:~l' 3)~:' 'h, ~:: 
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temperature change resulting fwm the endothermic solution 

reaction and the electrical energy added, Elt. qvap = I1Hvap 

( V - i) (1 - RH) where I1H V'") is the enthalpy of vapori­

zation of water per unit volume at the mean temperature of 
reaction, V is the internal volume of the sample holder, s is 
the mass of sample, d is the density of the sample, and RH 
is the relative humidity of the atmosphere in which the 

sample was transferred to the sample holder (for the transfer 
in the dl)' box, RH = 0; in th e laboratory atmosphere, RH 
= 0.35 ± 0.10). The enthalpy of solution pe r gram at the 

temperature of reaction and at the concentration of the 
measurements is I1Hm(T) = - Qreaction (Sample mass)- I. 

The lengths of the reaction periods given in table 3 are 
dependent on the temperature of reaction, the amount of 

sample, and the sam ple itsel f. For exa mple, in Expl. No. 
1112, 1115, ane! 1104 with Ura 1, 2, and 3 at the same 

temperature and co ncentration , the reaction pe riods were 32, 
52, and 67 min, respec tive ly . In some pre liminary experi­
ments, incomplete reactions were believed to have been 

caused by large particles in the samples; sieving the sample 
greatly reduced the pwblem. Howeve r, small amounts of 

undissolved material were vi sible at the end of Expt. No . 
1103 and 1107 which were both at lower temperatures than 
most of the other experiments. The measurements with Ura 2 

using various particle sizes (see size code in tabl e 3) indicate 

that the smaller particles dissolved more quickly , but there 
was no significant difference in the enthalpies of solution. 

Apparently sieving was not necessal)' in the samples which 
had been vacuum-dried (Ura 3a, 3b, 3c, and 3d). Under 
comparable conditions, the reaction periods for Ura 1 were 

generally shorter than for the other samples; and it will be 
shown later that the pH of the final solution and the enthalpy 

of solution were somewhat larger than those of the other 

samples; the reason for thi s is unknown. 

The change in the enthalpy of solution of uracil with 
temperature, I1C p , was obtained from 14 experimen ts with 

Ura 3, 3a, and 3b (omitting Expt. 1110 because of the low 
concentration). These data are given in table 3 and plotted in 
figure 1 where the straight line is the result of a least squares 

fit to the data for Treac tion and IlHm (T) to a linear equation. 
The slope of this line is (57.3 ± 5.9) J. mol- I. K- ' and the 

uncertainty is the standard error. Thus, in the temperature 
range, 298 K < T < 325 K, I1C p = (57 ± 13) J. mol - I. K- I 

with the uncertainty at the 95 pe rcent confidence level. Thi s 
value was used to calculate the correction to T = 298.15 K 

given in table 3 which was added to I1H m (T) to obtain the 
enthalpy of solution at the standard temperature and at the 
concentration of the measurement. 

In figure 1 the radius of a circle is equal to the estimated 
calorimetri c uncerta inty (about 0.1%) for each experiment. 

It is evident that a bout one-half of the circles are not close to 
the line . Sample inhomogene ity is probably the cause of this 
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FIGURE I. Plol showing the rel,,'iollship of the ent./",lpJ' of solulion of 
uracil in 'wale r and the temperature of reaction. 

The s lope oflheslraighlline is tJ. Cp = (57 ± 13jJ·l1lol- '·K- '. 

additional uncertainty of 0 . 1 to 0 . 2 percent of the enthalpy of 

solution. 
Figure 2 is a plot of all values fOl· I1H", (298.15 K) in table 

3 versus the concentration of urac il in the final solutions. 

The points for the various samples are dis tingui shed by 
different symbols, and the radius of a circle (or a circle 

c ircumscribed by th e other geometric figures) is equal to the 
estimated calorimetric uncertainty for the experiment. There 

appears to be no significant change in th e enthalpy of 
solution in the concentration range of 10 to 45 mmol' kg- I 

based on the data for Ura 3 (open circles) ; th e one value near 
9 mmol' kg- I is a little larger than the others, but may s till 

be within the uncertainty due to sample inhomogeneity. 
The four values for Ura 1 (sq uares in fig. 2) between 3 and 

4 mmol' kg- I suggest the possibility of an inc rease in the 
e nthalpy of solution at the lower co ncentration, however, the 
two values near 27 mmol' kg- 1 a re also higher than those for 
the other samples. Thus, these higher values for Ura 1 are 

probably characteristic of this sample . The larger calorimet­
ric uncertainties at the low concentrations are to be expected . 

The measurements with Ura 3 (open circl es) agree within 

the homogene ity uncertaint y with those of the rec rys tallized 
samples, Ura 3a (right half-shaded c ircles) and Ura 3b (left 

half-shaded c ircles) . The three experiment s with the sub­
limed sample, Ura 3c (lower half-shaded c ircles), are all at 

the lower limit of the range of measurements with Ura 3, 3a, 
and 3b; and the single measurements with the unsublimed 
residue , Ura 3d (upper half- shaded circle) is at the upper 
limit of that range. The foUl- measurement s of Ura 2 (dia­
monds) are lower than any of the others. 
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FI GURE 2. Plot showing that the enthalpy of solution of uracil in water is independent of 
concentration il1 this range , arul that there are differences between various sarnples which cannol 
be resolved on the basis of analytim t data . 

See lext for descri ption of the sarnples represe nted by the various symbols. 

The calorimetric measurement s on Ura 1, 2, and 3 were 
made on the mate l'ials as received (except fo r sieving in some 
cases) and without dry ing or furth e r purifi ca tion. II the mean 
values for t1H In (298. 15 K) are corrected for H20 found in 
the determination of vol atil e matte r (U ra 1, 0.25 mol %; Ura 
2 , 0 .75 mol%; a nd Ura 3, 0 .31 mol%) we obta in 29.85, 
28. 92, and 29.26 kJ'mul- l , respect ive ly, for the mean 
enthalpies of solut ion. It was assum ed that the othe r samples, 
which were vacuum d ri ed fo r long pe ri ods, conta ined no 
water although the eleme nta l analys is of Ura 3a int rod uces a 
questi on as to the validity of thi s assum ption. 

Measurements of enthalpies of solution have detec ted 
differences in th e ya ri ous urac il samples which we re not 
evident from th e !anal ytical data; thi s was also true for 
adenine, thymine, and cytosine: [1 , 2 , 3]. The mean va lues 
for t1H m (298.1 5 K) in kJ· mol- I, corrected for H20 where it 
was measured , are (in descending order): Ura 1, 29.85 ± 
0. 35 kJ· mol- I; Ura 3d , 29.51; Ura 3b, 29.33 ± 0. 36; Ura 

3 , 29.26 ± 0 .13; Ura 3a, 29. 16 ± 0.25; Ura 2, 28.92 ± 
0.07; and Ura 3c, 28 .80 ± 0 .23. The experimenta l un cer­
tainties are at the 95 pe rcent confidence level. The single 
value for Ura 3d was eliminated from cons idera tion because 
of the apparent decompos ition evidenced by the d iscoloration 
of the sample. The low value for the subl imed sa mple, Ura 
3c, was rejec ted because of the probability of a tautomer or 
of a lower order of c rystallinit y as was found for sublimed 
adenine [1]. Ura 3 was probabl y of hi gh purity because the 
enthalpies of solution of the rec rysta llized sample, Ura 3a 
and 3b, agreed within the unce rta inties with that of the 
pare nt mate ri al. There was no analytical evidence that the 

purities of Ura 1 and Ura 2 we re highe r or lower than tha t of 
Ura 3. Therefore , the mea n of the five values for Ura 1, 2 , 3 , 
3a, and 3b was ta ken as our best va lue for the enthalpy of 
solution of urac il in water , and t1H (298. 15 K) = (29.3 ± 
1. 2) kJ · mol- I in the concentration range 10 to 45 
mmol ' kg- I. The ass igned uncerta int y is twice the square 
root of the sum of the squares of the ind ividual un ce rta inti es. 
This unce rta inty is large enough to incl ude uncerta inties in 
the measure ments and in the purity of the samples. 

The pH of solutions of Ura 1, 2, a nd 3 conta ining 
approximate ly 25 mmol· kg- I was measured a nd found to be 
significantly higher in the solution of Ura 1 than in those of 
Ura 2 or 3; the measured pH was 5.2 for Ura 1, 4.2 for Ura 
2, and 4 .5 for Ura 3. Since the H+ concentration of the fin al 
solutions was 4 to 5 orders of magnitude smaller than the 
ionization constant , 3 X 109 [4], and the correction to infinite 
dilution was negligibly small , our measured value for the 
enthalpy of solution was conside red to be eq ual to that at 
infinite d ilution. 

4. Discussion and Summary 

Larsen and Magid [7] reported (26.78 ± 0.84) kJ· mol-1 

for the enthalpy of solution in H20 at infinite dilution for a 
sample of urac il which was "carefully purified by standard 
techniques"; no analytic al data were given. The results from 
six measurements were "extrapolated to infinite dilution by 
linear least squares analysis." The mean of four of these 
measurements in the concentration range of our work is 
(21. 98 ± 0.13) kJ· mol- 1 (the uncertainty is the standard 
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devi ation of the mean) which is 25 percent lower than our 
value. However, the uncertainty of the extrapolated value 
fall s within the lower limit of our assigned uncertainty. 

From the ir solubility measurements, Scruggs et al. [5] 
calculated fiH (37°C) = 6700 cal, mol- 1 for the enthalpy of 

so lution of urac il in water. Using the fiC p value determined 
in this work, we obtain 6536 cal, mol - lor 27.34 kJ· mol- 1 at 

298.15 K which is nearly 7 pe rcent less than our value but 
within the uncertainty assigned. 

We have shown that significant differences exist in the 
enthalpies of solution of uracil samples from different sources 
and these differences cannot be resolved on the basis of the 
analytical results. Until the purity of uracil samples can be 
defined more accurate ly than was done in thi s work, the 
value for the en thalpy of solution in water is taken as 

fiH O (00,298.15 K) = (29.3 ± 1.2) kJ'mol - 1 

and 

fiC p ° = (57 ± 13) J . mol - I. K- I, 298 K < T < 325 K. 

No change in the enthalpy of solution with concentration was 
detected in this work. 

Other useful thermodynamic data may be calculated with 
these values. The apparent molal heat capacity of uracil at 
infinite dilution , Cp2 ° , is (178 ± 15) J. mol- I. K- 1 which is 

the sum of the fiCp ° (above) and the Cp ° for the crystalline 
uracil given in section 2.1.3. From the solubility measure­
ments of Scruggs, e t al. [5) we calculate the molal solubility 
at 298.15 K to be (0.0269 ± 0.0013) mol, kg- I, and fiCO 
= -RT in In = 9.0 ± 0.4 kJ· mol- I. Combining thi s with 

our value for the enthalpy of solution we obtain 

The average of 4 measure ments of the density of uracil 
was (1.60 ± 0 .01) g ' mL - I. 

The author expresses her appreciation to R. L. Biltonen of 
the University of Virginia for the measurement of the heat 
capacities of the crystalline samples, and for his interest and 
consultations during this work. 
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