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An adi aba tic solulion ca lorimeter was used to measure enthalpies of solut ion in wat er of 8 samples of th ymine 

for whi ch ana lytical dala a re report ed . Our best values for the e nthalpy of soluti on and the cha nge in he al ca pac it y 

are 

t1HO (00, 298. 15 K) = (24.32 ± 0 . 70) kJ . mol- I 

~ t1 C~ = (106 ± 26) J · mol- I . K- I, 298 K < T < 328 K. 

I 
These were used to ca lcula te t1 So = (53. 1 ± 3 .6) J. mol- I. K- I for the e ntropy of solution, a nd C;'2 = (256 ± 26) 

J · mol- I . K- I for the appa rent mola l heat capacit y a l infinite di lut ion. No cha nge in Ihe entha lpy of soluti on wilh 
concentration was observed in the range of 5 to 35 mmol· kg- I. 

Key words: Ca lorimetry; 5-meth yl-2,4 (1 H, 3H)-pyrimidi nedione; S-melhylurac il ; nucle ic acid bases; the rmo­

chemistry; th ymine : density, enthalpy of so lulion . 

1. Introduction 

This is the second in a series of papers on enthalpies of 
solution of the bases of the nucle ic ac ids . The first paper 
reported on the entha lpy of so lution of adenine in water [1]t 

and desc ribed many procedural deta ils also followed in this 
work. Emphasis is pl aced on the charac terizat ion of the 

samples in order to establi sh realistic unce rtain ty limits for 
the measured values . 

Thymine, a pyrimidine base, has the follow ing s tructura l 
formula [2]: 

In thi s work enthalpies of so lution of four samples from 
three commercial sources (includi ng a portion of the sample 

used by Alvarez and Biltonen) were co mpared. Enthalpies of 
solution we re also measured for samples tha t were produc ts 

of sublimation and of rec rys talliza ti on from water a nd from 
ethyl alcohol. Measurements we re made ove r the temperature 

range 297 to 328 K and over th e co nce ntration range 5 to 35 
mmol · kg- t . 

2. The Thymine (Thy) Samples 

Enthalpies of solution were measured for four commerc ial 

sam ples2 as received or after vacuum drying at 373 K. The 
followin g information about these samples was obtained from 
labels, catalogs, a nd brochures supplied by the man ufac­
turers or di s tributors: 

Thy 1. Ca lbiochem, Cat. No. 6090, Grade A, 100 g rece ived about 

1970 - exact dat e unknown. Label in/ormation: Lot 900490; Analys is: 

Nitrogen, 22.08 percent ; Spec tra at pH 7, 250/2600.69; 280/2600.53; A 

max 264 mIL, E max 7830; Chroma!. Ho mogeneous. 

It is slightly soluble in water (- 4 g ' L - t at 298 K [3,4,5]). It l sublimes and decomposes before it melts. The only measure­
~ments of the entha lpy of solution reported previously were by 
IAlvarez and Biltonen [6]. 

Thy 2. 9.4 g rece ived from R. L. Bi ltone n, July 1974, from sample used 

in [6]. Distributed by Mann Research Laboratories, Cat. No . 2802, Lot R-
1282, Paper Chr.: Homogeneous. 

:l The information prese nted in this paper is in no way inte nded as an e ndorseme nt 
nor a condem nation of any of the materials or senrices used. Commercial sources are 
named only for specific ide ntification. 

I 
I Figures in brac ke ts indicate the lit eralure refere nces at the e nd of this paper. 
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Thy 3. E-M Laboratories, Cat. No. 8209, for biochemistry, Lot 

495554], 100 g received August 1947. Brochure information : Type analysis: 
assay, 98 percent (ref. to dried substance). Optical properties, Measured 

values pH 7: A max 264.5; E250/E260 0.67 ± 0.02; E280/E260 0.53 ± 0.01; 
E2.0/E260 0.09 ± 0.02. Thin layer chromatography, Layer: TLC plates Silica 
Gel F254 pre-coated. Solvent: I-Propanol/water(70/30) .1lf value: - 0.75. 

Thy 4. Same as Th y 3 except E-M Laboratories Lot 4958785, 10 g 
received January 1975. 

Portions of Thy 3 were further purified in thi s laboratory as follows: 

Thy 3a. Approximately 22 g of Th y 3 was dissolved in 0.8 L of boiling 
distilled H20 and several grams of decolorizing activated charcoal was 

added. The hot solution was filtered into a heated filtration flask through a 
Nalgene Buchner funnel with No.1 Whatman paper under No. 50 Whatman 
paper which was covered by a mat of filt er paper pulp. The filtrat e was 
reheated and passed through the same filter three times to remove traces of 
the charcoal a nd pulp. The final filtrate was transferred to a crystallizing 

dish and cooled slowl y at about 295 K. The needlelike crystals which 
formed were filt ered through No.1 Whatman paper and then red issolve d in 
about 0.4 L of boiling distilled H20 . As before, the hot solution was filt ered 

and cooled slowly. The crystals which formed in the second recrystallization 
were filtered and dried at 340 K at atmospheric pressure for about 72 h. The 

yield was 6.6 g. 

Thy 3b. Approximately 8 g of Thy 3 was di ssolved in 0.5 L of hot 90 

percent ethyl alcohol (EtOH) and filtered through the filt er described above . 
After cooling slowly, the large star-shaped crystals which formed were 
filt ered on No.1 Whatman paper. These crystals were redissolved, filt e red, 
and recrystallized a second time. After filt ering, this product was dried as 
described for Thy 3a. The yield was 1. 2 g. 

(Thy 3a and b were further dried under vacuum at 375 K for 134 h during 

volatile matter observations to be discussed in section 2.1.1.) 

Thy 3d. 5 g of Thy 3 was slowly vacuum-sublimed according to the 
procedures described for Ade lc and 5c [1). The maximum temperature was 
about 410 K but most of the sublimation occurred at 390 K. After 6 days the 

sublimation was stopped before all of the sample had sublimed. The 
sublimed sample and the residue of sublimation were removed from the 
sublimation vessel in a glove box guarded from atmospheric H20. Calori­

metric samples were also transferred to the sample holder in this glove box. 
The sublimed sample was light and fluffy, and static-charge problems were 

encountered in transfers of the samples. 

Thy 3e. This was the unsublimed residue from the sublimation of Thy 

3d. 

All of the samples were white powders; Thy 1 had the finest granules and 
Thy 2 had a grey cast and was more inclined to stick together in lumps than 
the other samples. 

2.1 Characterization of Samples 

The purity of the bases of the nucleic acids cannot be 
determined from freezing temperature measurements because 
they decompose before melting. A less desirable alternative 
is to determine impurities in the samples and to describe the 
properties of the samples by various chemical and physical 
methods. In this laboratory the density of the thymine 

samples was measured, volatile matter was determined by 
vacuum drying, H20 by Karl Fischer titration , and impuriti es 
by paper and thin layer chromatography (TLC). Greater 
detail about these methods was given previously [1]. Analy­
ses of the elemental compositions, emiss ion spec tra, and 1 
x-ray diffraction patterns were obtained from other laborato-

), 

ries . The heat capacity of the crystalline samples at 298 K 
was also measured. 

2.1.1. Density, Volatile Matter, and H20 

The benzene displacement method of measuring densities 
was described [1]. The insolubility of thymine in benzene 
was confirmed by observing that there was (1) no change in 
the thymine mass as a result of the density measurement and 
(2) no visible residue when the benzene from the density 
measurement was evaporated to dryness. There was difficulty 
in wetting the samples with the benzene, and errors due to 
trapped air may have resulted. The measured densities were 
as follows: 1.341, 1.328, 1.372, and 1.344 g'mL - I for Thy 
1, 2, 3, and 4 (approximate sample mass: 0 .6, 0.4, 1.3, and 
0.7 g), respectively. The nearly linear relationship between 
the measured density and the mass of sample indicates a 
probable systematic error (such as air entrapment); however, 
the mean density value of 1. 35 g' mL - I was used to calculate 
the buoyancy correction factor, 1.0007, for this work. This 
density is less than that of (1.455 ± 0.005) g' mL - I obtained 
on single crystals by the floatation method [7]. 

Samples of Thy 1 vacuum-dried at 340 K (see [1] for 
details) were at essentially constant mass after 4 h with a loss 
of only 0.5 mg' g- I; at 375 K, similar samples appeared to 
be at constant mass after about 8 h with a loss of 1.0 mg' g- I; 
Thy 3 showed similar losses. However, Thy 2 did not reach 
constant mass at 340 K; even after approximately 170 h the 
rate of mass loss was 0.6 mg' g- I . h - I. It was observed that 
Thy 4 lost mass at the constant rate of only 0.1 mg' g- I. h- I 

for approximately 170 h. The recrystallized samples, Thy 3a I 

and 3b, showed a constant rate of mass loss of 0.025 
mg' g- I . h - I. It is assumed that these constant rates are all . 
sublimation losses and not H20 or other impurities in the . 
samples since the rates remained essentially constant from I 
the beginning of the heating. The different rates are probably 
related to the different surface areas since Thy 2 which had 
the highest sublimation rate was the finest powder, and the i 

coa;se products of recrystallization had the lower sublimation \ 
rates. 

Karl Fischer titrations of water in samples of Thy 1, 2, 3, 
and 4 indicated 0.12, 0.18, 0.12, and 0.16 mass percent 
H20, respectively. A Karl Fischer automatic titrator with a I 
I-mL automatic buret and recorder were used in the titra- J 
tions. The reagent was calibrated before and after each group 
of measurements by addition of 1 mL of distilled H20 to the I 

50 mL of ACS spectroscopic methanol which was the solvent I 
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for the 50-mg samples of th ym ine . Approximat e ly 30 min 

was require d for comple te so lution. Dry nitrogen wa s co ntin­

uously p assed over the solution during the titrations. The 

estimated limit of detection unde r these condition s is abuut 

0.02 mg of H20. 

A sample of Thy 4 which had been vac uum-dri ed a t 375 K 

,"" for 12 h, showed no gain in 1l1 aSS whe n exposed 1.0 the 

atmosphere (~ 35% relative humidit y) for 24 h. Thi s agreed 

with the findings of Falk [8] that no hydra tes of thymine a re 

formed at relative humiditi es as hi gh as 93 pe rcen t. The re­

fore, because thymine was not hygroscopic, the ca lorime tri c 

samples were tran sfe rred to the sa mple hold e r in the labora-
~ 

~ 

tory atmosphe re exce pt the produc ts of subl imation whe re the 

transfers were made in the glove box . 

2 .1.2 . Other Analytical Work 

Emission spec troscopi c a na lyses3 of Th y ], 2, 3, a nd 4 

indicated the same bac kground limit s of de tecti on as for the 

adenine sam ples [I]. In addition , the foll owing impuriti es 

were found in Thy 1 (i n mass %): Si, 0.1 5; Fe, 0.05; and 

traces of Cu and Mg. The possibl e prese nce of these 

impurities is assumed to contribute no s ignifi cant e rror to the 

enthalpy of so lution. 

The duplicate elementa l analyses4 of Thy 1 , 2, 3, a nd 4 as 

received are given in table 1. The H values for all of the 

samples agree with the theore tical value for a nh yd rous 

thymine; the C, 0 , and N for Thy 1, 3, anel 4 a re a littl e 

a Analyses by J. A. Norri s, Ce nter for Analytica l Chemi SIr) '. Natio nal Measure me nt 
Laboratory. 

4 Analyses by Micro-Analysis, Inc" Wilmington , DE 19808. 

high; a nd the C, 0, and N fur Th y 2 a re s ignifica ntl y lowe r 

th an those for an hydrous th ymine. None of our othe r a nal yti­

cal da ta .prov ides a n ex pl anatiun for the la tt e r results whi ch 

ce rt a inl y indi cat e a rt und efin ed impurit y. The ana lyses do, 

however, e limin a te the poss ibl e prese nce uf hydra tes in the 

sa mpl es in s ignifica nt a mount s . 

The guid e lines set forth in a Na tional Acade my uf Sc ie nces 

(NAS) publicati on [9 ] we re foll owed in our TLC a nd pa per 

c hromatugraphi c work. De ta i Is uf our procedures a nd pre l im­

in a ry tests of se ns iti viti es an d bac kground s we re d escribed 

in the firs t pape r of thi s series l1]. 
Approximately 32 mg of Thy 1 , 2 , 3, a nd 4 we re each 

di ssolved in 25 mL of hot NH40H (aq , 2 mol·L- I ). 5 ILL 

a liquots we re ta ke n for th e spottings whi ch con ta in ed about 

6 ILg of thymine. A "stand ard" re fe re nce sulution in NH40 H 

(aq, 1 mol, L - t) wa s pre pared whi c h con ta in ed .5 Illmul . L- I 

of ade nin e, cy tosine, th ym ine, a nd uracil ; thi s s ta nd a rd was 

run with eac h group of the thymine solutions . 

RI values = (d istance trave led by majo r compo ne nt/di s­

tance trave led by the soluti on front) are give n in tab le 2 fo r 

the four thymine sa mpl es on glass TLC plat es coa ted with 

MN300F Ce llulose (with (luorescent indi ca tur), un Whatrnan 

No. 1 c hromatography pape r, P-I, a nd on What ma n No . 40 

chromatography pape r, P-40, in the fuur ca rri e r so lutions 

lis ted . The NAS values from s imilal' sys tems a re also li sted 

for comparison. Our values on P-40 (alsu used by N AS) a re 

as muc h as 0.1 RI unit highe r than the NAS value -the 

results us ing P-I are in be tte r agree ment with those of NAS. 

However, these are in acceptable agreeme nt for ind e pe nd e nt 

measureme nts. 

Table 1. Elemental a nalyses of t hymi ne s amples 

Substance Empirical Molecula r 

I 

H 

I 

0 
I<KJe1:ah1) I 

Sulfated I 
Formula Mass Ash 

g/mol mass percent 

Theo re tica l Composition: 

Thy CSH6NZOZ 126.1146 47 .62 4.80 25.37 22 . 21 100.00 

Thy ·H2O C5 HSN20 3 144.1298 41.67 5.59 33.30 19.44 100.00 

Analyses : 

Thy 1 4S.09 4.76 25 .S9 22 . 37 0.24 101. 35 

47.92 4.72 25. 65 22.12 0 . 26 t OO .67 

Thy 2 46.49 4.72 24 .71 21. 39 0.03 97 . 34 

46.62 4.62 24. 53 21.49 0.08 97.34 

Thy 3 47.S7 4.72 25.48 22 . 57 0.00 100.64 

47 .93 4.81 25 .57 22.39 0.03 100.73 

l Thy 4 47.77 4.82 25.56 22.64 0.01 100 .80 

t- 47.95 4 .74 25.27 22 .S3 0.00 100.79 

I 
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The four carrie r (or tank) solutions, A, B, C, and 0, are 

described in the footnote in tabl e 2. With solution A, the 
standard re ference solution produced three di stinct spots: 

one at the R f [or adenine, one at the R f for urac il, and one at 
the R;s for thymine and cytosine which were undistinguish­
able in this solution. With solutions Band C cytosine and 

uracil were undistinguishable at nearly the same Rf , but 
thymine and ad enine form ed separate spot s. With solution 0 
all three of the pyrimidine bases we re undistinguishable; 

only ad enin e formed a separate spot. 
The four thymine samples gave the same R f values within 

the reading uncertainty of approximately ± 0.02 R f unit. No 

spots were visible except those of the major component in 
any of the chromatograms of the thymine solutions . We 

assume that 5 percent impurity would have bee n detected for 

any of the compounds listed on pages 153 and 154 of the 

NAS publication [9]. From these observations we estimate 
that the purity of the four thymine samples as received was 
95 percent or more. 

2.1.3. Calorimetric Characterization 

Alvarez and Biltonen [6] reported (151.4 ± 0.4) 
J. mol - I. K- I for the heat capacity of the crystalline Th y 2 a t 
298 K. A comparable value , (150.4 ± 0.5) J. mol- I. K- 1 

[10], [or Thy 3 was measured by Emesto Friere using a drop 
microcalorimete r at the University of Virginia. The latte r is " 

co nsidered to be the be tter value because results prese nted 
in this paper indicate that Thy 3 is probably o[ higher purity. 

Table 2. ~it~a;~~~ ~~~r~~; ~~r:~~n:~~~e:, ~,~~~H D~aq . 
2 mol.L- 1 ) solutions on f luorescent TLC pla-tes and tvo papers 

Thymine Aa Ba Ca Da 

Sample No. nc P-I P 40 nc P I P 40 nc P I P-40 nc P-I P-40 

0.81 0.79 0.84 0.72 0 .68 0.73 0.80 0.80 0.88 0.78 0.79 

. 81 . 80 .83 .70 .69 .72 .80 .79 .91 .75 .78 

.81 . 79 . 83 .11 .66 .73 .81 .79 .89 .75 .82 f' 

.81 .79 .82 . 70 .70 .72 .81 .78 .87 . 79 . 77 

NAS[ IO] 0.78 0.63 0.72 

aThe compositions of the carrier (or tank) solutions was as follows: 

So l o A: S part s of i so-butyric acid + 3 parts of NH40H (aq , 0 . 5 lDol'L- 1). 

So lo B: 7 parts of iso-propyl alcohol + 1 part of cone . NH40H + 2 part s of H20. 

Solo C: 7 pa r ts of 95% ethyl alcohol + 3 parts of sod ium acetate (aq, 1 mo l .L- l ). 

So lo 0: H20 adjusted to pH 10 with NH40H ( '\.1 drop of cooc. NR40H in 300 mL H20) . 

3. Enthalpy of Solution 

Measure ment s of the enthalpy of solution of thymine 111 

water we re made in a platinum-lined, adiabatic solution 

calorimeter which was previously desc ribed in detail [11] . 
The solution capacity is approximately 300 mL, and the 
volume of the platinum sample container (see [11]) used 111 

this work was 2.7 mL. 
A fast s tirring rate, 860 revolutions' min - I, was used to 

reduce th e difficulty in wetting the sample. There was a 
tendency for the thymine to re main unreacted in air bubbles 
which stuck to the inner surface of the sample holder. 

Sometimes the air bubbles released upon opening the sample 
holder , carri ed some of the th ym ine to the surface of the 

solution where it fl oated or even bounced above the solution 
surface causing so me of the sample to stick to the cover of 

the vesse l. Thi s problem was greatly reduced after the 
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installation of a bronze sieve-wire baffle under the surface of 

the solution . The baffle did not significantly limit the stirring 
of the solution, but it did inhibit the air bubbles from 

carrying thymine above the solution s urface. Occasionally 

however, some of the material escaped around the edges of 
the baffle. In a preliminary experim ent , a wetting agent 

(Triton X-IOO) was added to the initial calorimetric solution, I 
but there appeared to be no improvement in the wetting of 
the thymine sample . 

In 10 of the 26 experiments reported here, some unreac ted , 
sample was visible at the end of the experiment - e ither I 

I 

stuck on the vessel cover, floating on the surface of the I 
solution, or trapped in air bubbles adhering to the sample 
holder sUiface. However, the quantity of unreac ted material .1 

in these experiments was estimated to be < 1 mg and the 1 
deficiency in the heat of reaction was apparently within the 
calorimetric uncertainty. In a private communication, R. L. 



r-

Biltonen stated. tha t similar problems were encounte red in 

their work [6], and an experiment was rejec ted if there was 
visible unreacted sample at the end of an ex pe rime nt. 
However , their samples were in the 20- to 30-mg range and 

visi ble material would represe nt a large r frac tion of th e total 

heat of reaction than in our wo rk whe re the samples were in 
the 0.2- to 1. 3-g ran ge. Biltonen also suspec ted so me 

improvement in the completeness of reaction after the sam­
ples were vacuum dried; we found that this made littl e if any 

d ifference. Further observa tions rega rding factors influenc ing 
completeness of reaction will be desc ribed in the d iscuss ion 
of the experimental data late r in' thi s section. 

In eac h experimen t the re was an e lec tri ca l ca libration 

before and aft er the che mi ca l reaction. In most of the 
I expe riments e lec tri ca l ene rgy was added durin g the endo­

thermic reactions of th ymine in water to prevent a dec rease 
in the calorime ter temperature (hence, loss of ad iaba tic 

~ cond itions). However, in a few ex periment s whe re the heat 
. absorbed during the reaction was ex pected to be less than 

I 100 J or the reac tion was expec ted to be slow, elec trical 

~. 

energy was not added during the che mica l reaction. The 

energy absorbed was compensated for by the st irring energy, 

thus maintain in g Ihe ca lorimete r tempe rature and adiaba tic 
co nditions. Detail s of procedures and ca lculations were 

described prev iously l11 , 12]. 
Measureme nt s of the pH of s tirTed thymine solutions (25 

mmol· kg- I) in equilibrium with a ir (as were the calorime tric 

solutions) indicated a pH of 5.6 with an estimated un certa inty 
of 0.1 pH unit for both Thy 1 and Thy 3. The mete r was 

calibrated with a sta nd ard buffe r a t pH 7.0 and was chec ked 
at the end of the measurement s. 

Uncertainti es in thi s paper a re at th e 95 pe rce nt co nfi­

dence level except as noted. The calorimetr ic expe rime nt s 

were completed betwee n Jun e and September 1976 a lthough 
the preparat ional and analytical work began nearl y 2 years 
earlier. The Table of Atom ic We ights 1975 [13] was used in 

calculating the molecul ar masses used in thi s work: Thy, 
I 126.1146; and H20, 18.0152 . The calibrat ions of the quartz 

oscillator thermometer system and of the re ference stand ards 

for electrical energy measurements are the same as described 

in the firs t paper of this seri es [1] . For conve rs ions of energy 
units, 1 thermochemical calori e = 4.184 joules. 

3.1. Calorimetric Experiments 

The data for entha lpy of solution measurements of 8 
thymi ne samples, desc ribed in secti on 2, a re given in tab le 

1

3. The ca lorim etri c measurements were mad e on Thy 1, 2, 

and 4 as rece ived exce pt that they were vacuu m dri ed for 14 
, h at about 340 K and then for 10 h at about 373 K; Thy 3 

was used as rece ived without vacuum d ry ing. Porti ons of Thy 

3 we re twice rec rys ta lli zed from distilled H20 (Thy 3a), and 
I from 90 pe rcent ethyl alcohol (Thy 3b), and sublimed und er 
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vacuum at about 400 K (Thy 3d) with an unsublimed residue 
from the sublima tion (Thy 3e). The calorimetric samples 

we re transferred to the platinum sample holder in the 
atmosphere (relative humidity = 0.35 ± 0. 10 and tempera­

ture = 295.5 ± 1. 0 K) except the sublimation products, Thy 

3d and 3e, which were transferred in a glove box containing 
a desiccant. 

There was a significant differe nce in the reaction rates of 
the various samples in H20. It can be seen in table 3 that at 

313 K the reaction period for Thy 1 , 2, and 3e was 2 to 4 h , 
for Thy 3, 3a, and 3b, about 0 .5 h; and for Thy 3d and 4, 1 

to 2 h. At lower tempe(atures the reaction period s we re 

longe r. The reaction periods in the experiments marked with 
an aste ri sk, whe re a small amount of unreacted sample was 

vis ibl e at the end of the measure me nts, we re no longer than 
co mparable expe riments in which the reaction was apparen tl y 

complete ; thus incomplete reaction is not the ca use of the 
different reaction rates. The last three ex pe riments with Thy 
3 show that the sample s ize has littl e effect on the duration of 

the reaction period. 
In pre liminary experiments using Th y 1 (not given in tab le 

3) it became appa re nt that high stirring s peed (860 rpm) and 
re lative ly hi gh tempera ture of reaction (- 310 K) greatly 
reduced the amount of undi ssolved mate ri a l remaining at the 

e nd of the expe riments. However , the problem was greater 
with Thy 2 which was sti cky and tended to form agglomerates 

even after vacuum d ryin g. The sample was sieved and on ly a 
small amount of Thy 2 was vis ibl e at the end of the three 

experiments given in tabl e 3. The samples we re be tween 

standa rd sieve sizes 35 and 100 in Expts. No. 1165 and 
1166, and less tha n standa rd sieve s ize 100 in Expt. No. 

1167. In Expt. No. 1166 and subseq uent ex pe riments the 
sieve-wire bafne was install ed under the so lution surface; 

this reduced the probabi lity of sample be ing ca rri ed to the 
surface by a ir bubbles. None of the other samples was 

sieved. The re was no evidence of incompl ete reaction at the 
end of experiments with the two rec rys talli zed samples, with 
the unsublimed res idue of sublimat ion, or with Thy 4. Our 
analytical data do not ex plain these d iffe re nces in the 

solution behav ior of the various samples. 

In tab le 3, the Experimen t Numbe r is a se ri a l number for 
experiments wi th thi s calorime ter and indicates the chrono­
logical order of the ex perime nts. The Reac tion Period is the 

elapsed time between initiatin g the reactions and the begin­

ning of the rating pe riod whi ch follows th e reac ti on. Treaction 

is the mean of the initi al and fin al temperatures of reac tion. 
The estimated calorimetric uncertain ty for an experiment, 

Ca l. Unc., is based on the durati on of the reaction , the 
magnitude of the te mperature change from the reaction, and 

the standard deviation of the slope of the rating period 
followi ng the reaction (see [1] for details) . The heat of the 

solution reac tion, Q reaction, is given by the following equa­
tion : 



, (Ei+Ef) Qreaclion = A 1 reaclion --2-

where the elec trical energy equivalent s (in J. K- I) of the 

initial and fin al systems are E; and Ef' the te mperature 

change due to the solution reaction is AT reactim" and the 
heat of vapori za tion of water into the air space in the sampl e 

holde r upon ope ning is qvap' AT reaction = AT - Elt 

( E; ; Ef) - I where AT (not give n in table 3) is the net 

te mperature change resulting from the endothermic solution 
reaction and the electrical energy added , Elt. q yap = 

A H vap( V -~) (1 - RH) where AH yap is the e nthalpy of 

vaporation of wate r pe r unit volume at the mean te mperature 
of reactioll , V is the internal volume of the sample hold er, 

s is the mass of sample, d is the density of the sample, and 
RH is the re lative humidit y of the atmosphere in whic h the 

sample was tra nsferred to the sampl e holder (for the transfer 
in the dry box, RH = 0, in the laboratory atmosphere, RH 
= 0.35 ± 0. 10) . The e nthalpy of solution per gram at the 
te mperature of reaction and at the conce ntration of the 

measure ments is AH m(7') = - Qreac tion (Sample mass)- I. 
The methods of calc ulating the electrical e nergy equival ents, 
E , the corrected temperature cha nge , AT, and the elec trical 

e nergy add ed during the reaction , Elt, we re desc ribed 
pre viously [11 , 12). 

The change in the enthalpy of solution with tempe rature, 

AC p , was obtained from the data for AH(T) and Treac tion for 

27 0 

26.0 

25.0 

>-

'" <I 0 
24 .0 

0 

23.0 
295 30 0 

Expt. Nos. 1152-1158 which are plotted in fi gure 1. A least r 

squares fit of the data for AH (T) versus (T reaclion - 298.15 
K) to a linear equation in th e range 296 K < T < 328 K, 
resulted in the intercept, (24.07 ± 0.1 5) kJ . mol- I, and the 
slope (0. 1056 ± 0.0099) kJ· mol- I. K- I. The uncelta inties 

are the standard errors and the standard error of the estimate 
is 0.27 kJ· mol- I. The value , ACp = (106 ± 26) ­
J. mol- I. K- 1, was used in computing the correc tion give n in 

table 3 to obtain AH (298. 15 K). 

In figure 2 are plotted the data for AH (298. 15 K) versus ' 
concentration for the 26 experime nts listed in ta ble 3. The 

radius of a circle (or a circle circumscribed by the other 
geometric figures) is equal to the es timated calorimetric ( 

un certaint y for the experime nt. There appears to be no 

significant cha nge in the enthalpy of solution in the conce n­
tration ran ge of 5 to 35 mmol · kg- I; this is most e vident from 

the open c ircles (Thy 3) whe l"e the one sample was used over 

the range. 
The Karl Fisc her titra tion s (see sec . 2. 1.1) indicated littl e 

Jifference in the H20 content of the four commerc ial samples 
(Thy 1, Thy 2 , Thy 3 , and Thy 4) as received. In the 

calorime tric experime nts given in table 3 , all samples had 
been vacuum dried and were assumed to contain no H20 , 

except Thy 3 which was used as received. A correction , 0.20 ' 
kJ· mol - I, for 0.83 mol percent (0. 12 mass %) H20 was later f 

applied to the values of AH (298.15 K) for Thy 3 give n in 
table 3 , but it is not shown in figure 2. The re appears to be 

no significant differe nce be tween the e nthalpies of solution ' 
for the recrystallized samples (the upper and lowe r half­
shad ed circles) and the parent material (ope n circle s); thi s 

330 

Treo cti o n' t< 

FIGU RE 1. Plot showing the relationship between the temperature of 

reaction and the enthalpy of solution of thymine in H2 0. 
The line Islope = tlCp = (106 ± 26) J. mol- I. K- I] represents the fit of the data 

by a least sq uares method. The estimated calorime tric uncertainty (see text) is equal to 
the radius of a circle . 
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FIGU RE 2. Plot showing the effect oj' concentration on the enthalpy of solution oj'various 
thymine samples in H2 0 at 298 .15 K. 

The es timated calorimetric uncerta int y (see tex t) is equa l to the radius of a c ircle or a c ircl e c ircumscribed 
by the other geometric fi gures. 

probably indicates the Thy 3 was of high purity. However, 
the values for Thy 1 (d iamonds), Thy 3 (sguares), and the 
sublimed sample, Thy 3d (left half-shaded circles), are lower 
than most of the others; their calorimetric uncel·tainties are 
larger primaril y because of the longer reaction periods. 

If the sublimed sample, Thy 3d (left half-shaded c ircles), 
were drier than the others shown in figure 2, its enthalpy of 
solution should have a higher value than the others. Because 
lower values were measured, we conclude that some decom­
position occurred during sublimation or the sublimed mater­
ial was of a lower degree of crystallinity or a different I tautomeric form as was found for sublimed adenine [1] ; 

f however, the magnitude of the difference in the enthalpies of 
solution of sublimed and un sublimed thymine (-1 kJ · mol- I) 

I 
was about one-fifth that for adenine. The two experiments 
with the unsublimed residue of sublimation, Thy 3e (right 
half-shaded circles), are borderline values and provide no 

r 
conclusive information. 

The one low value for Thy 3 (Expt. No. 1154) was probably 
the result of incomplete reaction . Some undissolved material 

: remained at the end of the experime nt , the slope of the rating 
period foll owing the reaction was about 1 percent less than 

, those of the preceed ing and subsequent rating periods; and 
1 the length of the reaction period was only approximately two­
I thirds that of the following similar experiment at a s lightl y 
, lower temperature. T herefore , this experiment was omitted 

from the averages . The measurements with Th y 4 (tri angles) 
agree well with those of Thy 3, 3a, and 3b. 

On the assumption that the highest values for the e ntha lpy 
of solution represent the purest samples and the most 
complete reaction , we take as our best value the mean of the 
results of eight Thy 3 ex periments (correc ted for H20 and 
omitting Expt. No. 1154), two Th y 3a experim ents, and three 
Thy 4 experiments. Thus !::J.H (00, 298.15 K) = (24.32 ± 
0.09) kJ· mol - I. The uncertainty is the experime ntal impre­
cision at the 99 pe rcent confidence level or 3.0 (s tandard 
deviation of the mean). An estimated uncertainty of 0. 61 
kJ'mol- 1 (2 .5%) is added for undetected impuriti es in the 
spectroscop ic or chromatographic analyses a nd the unex­
plained diffe rences in the eleme ntal analyses. The sum of 
these uncertainties is 0.70 kJ· mol - 1 (3%) which is taken as 
the overall uncelia inty for the e nthalpy of solution. 

Alvarez and Biltonen [6] have shown that the enthalpy of 
solution of thymine in water is independe nt of concentration 
in the range, 0.8 to 8 mmo]' kg- I, and we have found thi s to 
be true from about 5 to 35 mmol' kg- I. The ionization 
constant for the N3 proton [2] is about 4 orders of magnitude 
larger than the H+ concentration of the fin al solutions in 
these measurements. Therefore, we assume there is no 
significant amount of ionization in the range of these mea­
surements, and the enthalpies of solution can be taken as the 
values at infinite dilution for unionized thymine. 
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Table 3. Data for the rnea!lureml'!nU of the e nt h lll p t e5 o f "o luti on I n wllt e r o f v.rl o u!I thymine .!o8mple8 . 
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S ... l1 amoun t of und181101ved IIl1l11ple vistble lit end of then "'xperim.enta - either trapP't!d In lir bubble. tn I18mple cont a ine r or floating on audace. 

''Th,e aample holder wu filled with Thy ld and 3e in a glow box (relative hullL1d1ty - 0); it "'.8 filled with all other u mplell In the IItfllOaphere (rehtlw 
hulll1dtty - 0.3"!. .10). 

bElectrlcd enerlY " all not added during chh uaction bac_u.e thl! reaction .... 11 expected to be 810101. However, during a brief period initially the """",1 
telllperacure dropped below th8t of the .dt8b8ttc shie ld and It "' •• nece •• a ry to IIl.IIke an 'ppro:o;ilMte correction of 3.06 J for the heat cran.fer to t he 
vealle1 until adlab.tlc conditione were uetond. 

4. Discussion and Summary 

The only direct measurements of the enthalpy of solution 
of thymine in water previously published were those of 
Alvarez and Biltonen [6]. They point out that about one-third 
of their measurements were rejected because of visible 
undissolved sample in the final solutions. Their value for AH 
(298.15 K) , (22.70 ± 0.46) kJ· mol-I , is lower but within 
the uncertainty limits of the mean of our three measurements 
on their sample (Thy 2 in table 3), 23.23 kJ· mol - I with an 
average deviation of 0.40 kJ·mol- l . We experienced the 

difficulty of incomplete react ion with this material more than 
with the other samples use d in thi s work. Alvarez and 
Biltonen [6] found t:..C p = (188 ± 17) J. mol- I. K- l for this 
reaction ; in thi s work, t:..C p = (106 ± 10) J. mol- I. K- I was 

obtained from measurements with another sample, Thy 3, 
which appears to be of higher purity than Thy 2. 

Differences in the enthalpies of solution of various samples 
of thymine were detected which were not explained by our 
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analytical results; thi s was also true for adenine [1]. Better 
analytical data must be obtained before values for the 
en thalpy of solution of higher accuracy and smaller overall 
uncertainty can be expected. Our best values for the enthalpy 
of solution and for the change in the heat capac ity for the 

reaction of thymine in water are: 1 

t:..W(OO, 298.15 K) = (24.32 ± 0.70) kJ· mol- I 

t:..c~ = (106 ± 26)J'mol- 1 'K- I, 296 K < T <328 K 

Other useful thermodynamic data can be ca lculated with f 

these values. Herskovits and Harrington measured so lubil i­
ties in water of adenine, thymine, cytosine and urac il [4J; 
Scruggs e t al. made s imilar measurements for all of these 
except thymine [5]. The values of Scruggs et al. at 298 K are 
consistently 13 to 15 percent higher than the comparable 
values of Herskovits and Harrington which may have sys- j 

tematic errors. We have estimated the solubility of thym ine I 
in water at 298 K to be 32 I11mol· kg- I (based on the value of I 



~ 
I 

27.8 mmol' kg- t [4] with an estimated un ce rtaint y of 10 

percent , and at 298. 15 K we obta in for the so lution process 

!J.GO = -RTLn m = (8.5 ± 0.8) kJ · mol- t 

The appare nt molal heat capac it y a t infinite di lution was 

calculated using C~ give n in sec ti on 2 .1. 3. as foll ows : 

The author expresses he r apprec ia tion to R. L. Biltone n, 

of the Unive rs ity of Virg ini a, for hi s coopera tion a nd interest 

in this work a nd for provirl ing the sa mpl e of the same 

L material on whi ch hi s measure me nt s we re mari e. 
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