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Abstract
The heat capacities of D-ribose and D-mannose have been studied over the temperature range from 1.9 to 440 K for the first

time using a combination of Quantum Design Physical Property Measurement System and a differential scanning

calorimeter. The purity, crystal phase and thermal stability of these two compounds have been characterized using HPLC,

XRD and TG–DTA techniques, respectively. The heat capacities of D-Mannose have been found to be larger than those of

D-ribose due to its larger molecular weight, and the solid–liquid transition due to the sample melting has also been detected

in the heat capacity curve. The heat capacities of these two compounds have been fitted to a series of theoretical models

and empirical equations in the entire experimental temperature region, and the corresponding thermodynamic functions

have been derived based on the curve fitting in the temperature range from 0 to 440 K. Moreover, the phase transition

enthalpy and melting temperature of these two compounds have also been determined from the heat flows obtained in DSC

measurements.
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Introduction

D-Ribose and D-mannose are important carbohydrates

which have been widely used in agricultural production,

food industry, pharmaceutical industry, and medical treat-

ment [1–5]. D-Ribose (C5H10O5) and D-mannose (C6H12O6)

are common biological monosaccharides existing in living

cells as energy sources. D-Ribose, belonging to reducing

pentoses, exists in living organisms not only as the main

component of the nucleotide but also as raw materials of

physiological macromolecules such as adenosine triphos-

phate (ATP) and adenosine diphosphate(ADP). At room

temperature, D-ribose is usually white orthorhombic crystal

or crystalline powder. D-Mannose is an isomeride of glu-

cose, containing six carbon atoms forming a six-membered

ring, which can be utilized to synthesize glycoproteins in

plant cell wall. D-Mannose is mainly present in the form of

free-state oligosaccharides in fruit epidermis cell wall and

in the form of polysaccharides in yeast and red algae.

The studies of D-ribose and D-mannose in the last

40 years have mainly focused on the synthesis of new

derivates [6], structure determination [7, 8], and biological

activity [9–11]. However, the studies of thermodynamic

properties of these two compounds are needed for better

understanding their roles in synthesis mechanism, structure

formation or transition, and biological induction from a

view of thermodynamics.

Wilhoit [12] reported the standard enthalpy of com-

bustion and the standard enthalpy of formation for D-ribose.

Colbert et al. [13] determined the enthalpy of combustion

for D-ribose. Banipal et al. [14] measured the partial molar

heat capacities and volumes of D-ribose and D-mannose in
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water at 298.15, 308.15 and 318.15 K and in NaCl solution

at 298.15 K using a Picker flow microcalorimeter, and

calculated the partial molar expansion coefficients,

isothermal compressibilities, excess partial molecular vol-

umes and partial molar heat capacity coefficients.

Robert et al. [15] studied the thermodynamic and transport

properties of some carbohydrates at 298.15 K. Saskia et al.

[16] discussed the apparent molar heat capacities of some

carbohydrates in aqueous solutions versus the molality of

carbohydrates at 298.15 K. Zhuo et al. [8] studied the

system of electrolyte (NaCl, NaBr and NaI)-monosaccha-

ride(D-Ribose and D-Mannose)-water solutions at 298.15 K

and calculated the apparent molar volumes and evaluated

the infinite dilution apparent molar volumes of the sac-

charides and electrolytes. Alberty reported the thermody-

namic properties and calculated the standard Gibbs

energies of formation and standard enthalpies of formation

for D-ribose crystals [17].

However, the heat capacities and the related thermody-

namic functions of D-ribose and D-mannose have not been

reported especially in a wide temperature region covering

their solid–liquid transition. In this work, we have mea-

sured the heat capacities of D-ribose and D-mannose in the

temperature range from 1.9 to 440 K using the combination

of a Physical Property Measurement System and a differ-

ential scanning calorimeter. The measured heat capacities

have been fitted to a series of theoretical models and

empirical equations, and consequently, the corresponding

thermodynamic functions have been calculated based on

the fitting parameters.

Experimental

The D-mannose and D-ribose samples used in the calori-

metric measurements were commercially provided by J &

K Scientific Ltd, and their molecular structure and sample

information are listed in Fig. 1 and Table 1, respectively.

The sample purity was further confirmed by means of

HPLC method on a HPAEC system consisting of a Dionex

Bio-LC gradient pump with GM-3 (4 mm) gradient mixer,

CarboPac PA-10 column (4 9 250 mm), and an

electrochemical detector using AgCl as reference elec-

trode. The waveform was carbohydrates (standard Quad)

and the following pulse potentials were used for the

detection: t = 0 s, E = 0.10 v; t = 0.20 s, E = 0.10 v;

t = 0.40 s, E = 0.10 v; t = 0.41 s, E = -2.00 v;

t = 0.42 s, E = -2.00 v; t = 0.43 s, E = 0.60 v;

t = 0.44 s, E = -0.10 v; t = 0.50 s, E = -0.10 v. The

sample injection volume was 20 lL with the column oven

temperature maintained at 303 K, while the reference

standards were resolved by 18 mM NaOH isocratic elution

at a flow rate of 0.5 mL min-1 over a 40 min time interval.

The HPLC results listed in Table 1 indicating the mass

fraction purity for both compounds to be better than 99%.

The phase purity was examined using a powder X-ray

diffraction instrument with a Cu Ka radiation (0.15418 nm)

(PANalytical Co. X’pert PRO, Netherlands) operated under

a voltage of 40 kV and a current of 40 mA. The XRD

patterns collected for these two compounds are presented

in Fig. 2. It can be seen that the diffraction peaks of D-

ribose and D-mannose are well consistent with the standard

patterns (PDF card No. 00-029-1898) and (PDF card No.

00-039-1836), respectively, from International Centre for

Diffraction Data, indicating that these samples measured in

this work are phase pure. The thermal stability of D-man-

nose and D-ribose was inspected using a thermogravimetric

analyzer (SETSYS 16/18, SETARAM Co., France) from

room temperature to 1073 K with a heating rate of

10 K min-1 and a high-purity Nitrogen atmosphere. The

sample mass used in the measurement is 0.02313 g for D-

ribose and 0.02228 g for D-mannose.

The low-temperature heat capacities were measured

using a Quantum Design Physical Property Measurement

System (PPMS) with a logarithmic spacing from 1.9 to

100 K and a 10 K temperature interval from 100 to 300 K.

The accuracy of the PPMS heat capacity measurement was

estimated, by measuring the heat capacities of a high-purity

copper pellet, a-Al2O3 (SRM720) and benzoic acid

(SRM39j), and comparing the measured data to the stan-

dard values, to be ± 3% in the temperature region from 1.9

to 20 K and ± 1% from 20 to 300 K [18]. The powdered

sample was prepared into a pellet to meet the PPMS

requirement using a method developed by Shi et al., and

the detailed sample preparation process and measurement

procedure can be found in previous publications [19, 20].

The sample amounts used in the measurements were

0.01152 and 0.00880 g for D-ribose and D-mannose,

respectively.

The heat capacities of D-ribose and D-mannose in the

melting region were measured in the temperature range

from 188 to 440 K using a heat-flux differential scanning

calorimeter (Discovery DSC2500 from TA Instruments).

The temperature calibration was performed by determining

the melting temperature of indium. The extrapolated onset
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Fig. 1 The molecular structures of D-ribose and D-mannose
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of indium was compared to the known melting point, and

the difference was recorded for temperature calibration.

The uncertainty for the enthalpy measurement in the DSC

instrument is within ± 3%. The DSC heat capacity mea-

surement accuracy was estimated, by measuring the heat

capacity of a-Al2O3 (SRM720), to be within ± 3% in the

temperature range from T = 183 to 673 K. The tempera-

ture intervals in the measurement were set to be 1 K in

non-transition region and 0.1 K in transition region with a

heating rate of 10 K min-1 and a high-purity nitrogen

purge gas flow rate of 50 cm3 min-1. The sample amounts

used in the measurements were 0.0937 and 0.0767 g for D-

ribose and D-mannose, respectively.

In
te

ns
ity

/a
.u

.
In

te
ns

ity
/a

.u
.

D-Ribose

D-Mannose

20 40 60 80

20 40 60 80

PDF No. 00-029-1898

PDF No. 00-039-1836

2θ/°

2θ/°

Fig. 2 The XRD patterns of D-ribose and D-mannose

Table 1 Information of the

studied samples used in this

study

Chemical name CAS no. Formula Source Xa/% Xe
b/%

D-Ribose 50-69-1 C5H10O5 J & K Scientific 99 99.73

D-Mannose 3458-28-4 C6H12O6 J & K Scientific 99 99.57

aThe mass fraction purity provided by the suppliers
bThe mass fraction purity measured by HPLC
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Results and discussion

TG analysis

The thermal stability of D-ribose and D-mannose was

evaluated using the TG measurement, and the TG curve is

presented in Fig. 3. It can be seen from Fig. 3 that these

two compounds both behave a thermal decomposition

process with a three-step weight loss in the entire tem-

perature region. D-ribose exhibits a percent weight loss of

19.75, 42.7 and 9.92% in the temperature region from 451

to 523, 523 to 618 and 618 to 705 K, respectively. D-

mannose appears to decompose at a little higher tempera-

ture with percent weight loss of 15.27, 40.51 and 12.1% in

the region from 462 to 519, 519 to 611 and 611 to 708 K,

respectively. Based on these results, it can be concluded

that both D-ribose and D-mannose are thermally stable in

the heat capacity measurement region below 440 K.

Table 2 Experimental molar heat capacities Co
p;m at constant pressure (p = 1.2 mPa) for D-ribose and D-mannose from T = 1.9 to 300 K

D-Ribose D-Mannose

T/K Ch
p;m /J K-1 mol-1 T/K Ch

p;m /J K-1 mol-1 T/K Ch
p;m /J K-1 mol-1 T/K Ch

p;m /J K-1 mol-1

1.917 5.9792E-03 43.671 26.9773 1.920 6.5595E-03 43.671 33.3020

2.125 7.9104E-03 48.470 30.5504 2.125 8.6864E-03 48.453 37.8812

2.351 1.0595E-02 53.801 34.4268 2.350 1.1480E-02 53.793 42.9093

2.603 1.4237E-02 59.722 38.6744 2.600 1.5311E-02 59.704 48.3671

2.883 1.9295E-02 66.301 43.2532 2.881 2.0664E-02 66.270 54.1912

3.201 2.6386E-02 73.616 48.1122 3.199 2.8485E-02 73.588 60.2944

3.547 3.5886E-02 81.731 53.7634 3.545 3.8869E-02 81.692 67.2756

3.934 4.9120E-02 90.709 59.5858 3.931 5.3581E-02 90.672 74.3161

4.362 6.7830E-02 100.652 65.5868 4.357 7.4953E-02 100.613 81.4399

4.839 9.4752E-02 110.835 72.1571 4.835 1.0662E-01 110.790 89.3073

5.369 1.3164E-01 120.849 78.6938 5.364 1.5168E-01 120.777 97.1964

5.956 1.8446E-01 130.920 84.8083 5.951 2.1927E-01 130.878 104.3478

6.609 2.5992E-01 141.011 90.5711 6.604 3.1790E-01 141.003 111.5021

7.338 3.7063E-01 151.156 96.7371 7.331 4.6358E-01 151.110 118.6105

8.145 5.2970E-01 161.242 102.5664 8.138 6.7471E-01 161.206 125.5415

9.041 7.5397E-01 171.354 108.4965 9.035 9.6839E-01 171.305 132.5274

10.106 1.0949 181.463 114.4261 10.099 1.4038 181.394 139.6743

11.213 1.5320 191.564 120.2172 11.210 1.9541 191.496 146.3444

12.447 2.1186 201.684 125.6764 12.446 2.6785 201.616 152.8175

13.817 2.8784 211.792 131.7060 13.815 3.6000 211.751 159.9247

15.356 3.8489 221.893 137.9524 15.352 4.7449 221.846 167.1653

17.040 5.0291 231.981 143.7220 17.040 6.1617 231.953 174.6706

18.925 6.4629 241.982 149.6728 18.923 7.8570 241.965 181.6544

21.016 8.1380 252.136 156.6587 21.011 9.8426 252.111 188.9756

23.339 10.0615 262.204 162.6446 23.338 12.1553 262.181 195.8444

25.910 12.2553 272.233 169.1162 25.910 14.7816 272.205 203.4133

28.737 14.6804 282.300 175.4816 28.730 17.7607 282.276 211.9503

31.906 17.4218 292.446 182.1156 31.900 21.1015 292.422 219.0382

35.430 20.3577 302.490 188.7672 35.422 24.8292 302.447 225.9912

39.344 23.5906 39.332 28.9184

The estimated standard uncertainties in the pressure p and temperature T are u(p) = 0.10 mPa, and u(T) = 0.01 K (2\T/K\ 20), u(T) = 0.02 K

(20\T/K\ 100), and u(T) = 0.05 K (100\ T/K\ 300). The expanded uncertainties at approximately 95 percent confidence limits in the

values of Co
p;m are U (Co

p;m) = 0.03� Co
p;m from T = 1.9 to 20 K, U (Co

p;m) = 0.01� Co
p;m from T = 20 to 220 K and U (Co

p;m) = 0.025� Co
p;m from

T = 220 to 400 K
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Table 3 Fitting parameters of

heat capacities of D-ribose and

D-mannose

Parameter D-ribose D-mannose

Low T fits

c/J mol-1 K-2 3.1341E-04 8.3889E-04

B3/J mol-1 K-4 7.4204E-04 6.6607E-04

B5/J mol-1 K-6 3.3197E-06 1.1607E-05

B7/J mol-1 K-8 -4.6956E-08

%RMS 0.841 0.586

Range/K 0–6.50 0–9.28

Mid T fits

A0/J mol-1 K-1 -5.8598E-01 -3.1881E-01

A1/J mol-1 K-2 3.9471E-01 2.7458E-01

A2/J mol-1 K-3 -1.0030E-01 -8.5503E-02

A3/J mol-1 K-4 1.2541E-02 1.2490E-02

A4/J mol-1 K-5 -6.2613E-04 -6.5940E-04

A5/J mol-1 K-6 1.6846E-05 1.8543E-05

A6/J mol-1 K-7 -2.5617E-07 -2.9309E-07

A7/J mol-1 K-8 2.0697E-09 2.4479E-09

A8/J mol-1 K-9 -6.8982E-12 -8.3902E-12

%RMS 0.221 0.268

Range/K 6.50–54.60 9.28–54.3

High T fits

nD/mol 1.6005E?00 1.8888E?00

HD/K 1.8638E?02 2.0508E?02

nE/mol 1.4533E?00 1.2440E?00

HE/K 4.4472E?02 4.5357E?02

a/J mol-1 K-2 1.5035E-01 2.8388E-01

b/J mol-1 K-3 8.0744E-04 7.5245E-04

%RMS 0.174 0.208

Range/K 54.60–302 54.3–302
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PPMS heat capacities

The heat capacities of D-ribose and D-mannose measured

using the PPMS in the temperature range from 1.9 to 300 K

are plotted in Fig. 4 and listed in Table 2. It is clearly seen

that the heat capacities of both compounds increase with

the temperature increasing, and no phase transition,

decomposition or other thermal anomalies can be detected

in this temperature region. Also, D-mannose has a larger

heat capacity than that of D-ribose due to its larger

molecular weight.

In order to calculate the thermodynamic functions, the

measured heat capacities of these two compounds were

fitted to a series of empirical and theoretical models in the

related temperature region. The heat capacities below 10 K

were fitted to the theoretical model below [21],

Co
p;m ¼ cT þ B3T

3 þ B5T
5 þ B7T

7 ð1Þ

where the linear term represents the contribution from

defects and oxygen vacancies in insulating materials, and

the odd power terms in temperature represent the contri-

bution from lattice vibration. The fitting parameters from

Eq. (1) are listed in Table 3, and the corresponding percent

fitting deviation curve is presented in Fig. 5. It can be seen

the percent root-mean-square deviation (%RMS) and fitting

deviation are within 0.841 and ± 1%, respectively, indi-

cating that the theoretical model of Eq. (1) could exactly

express the heat capacity data of these two compounds

below 10 K.

In the middle temperature range of 10–55 K, the heat

capacities were fitted to the following polynomial function

[22],

Co
p;m ¼ A0 þ A1T þ A2T

2 þ A3T
3 þ A4T

4 þ A5T
5 þ A6T

6

þ A7T
7 þ A8T

8 þ A9T
9

ð2Þ

As for the high-temperature region above 50 K, the heat

capacities were fitted to a combination of Debye and Ein-

stein function,

Co
p;m ¼ nDD hDð Þ þ nEE hEð Þ þ aT þ bT2 ð3Þ

where hD and hE are Debye and Einstein temperatures,

D(hD) and E(hE) are Debye and Einstein functions, and nD
and nE are Debye and Einstein parameters, respectively,

and the term of (aT ? bT2) is used for the correction of

(Cv–Cp) [23].

All the fitting parameters and %RMS in the corre-

sponding temperature regions are listed in Table 3, and the

fitted heat capacities using these parameters are plotted as

dashed lines in Fig. 4. The fitting %RMS are 0.841, 0.221,

and 0.174 for D-ribose, and 0.586, 0.268, and 0.208 for D-

mannose in low-, middle- and high-temperature region,

respectively, indicating that these fits can be representative

of the measured heat capacity data.

DSC heat capacities

To further study the thermodynamic property at higher

temperatures, the heat capacities of D-ribose and D-man-

nose were measured using the DSC in the temperature

range from 180 K up to 440 K. The measurement results

are shown in Fig. 6, and the corresponding heat capacity

data are provided in Supporting Information (SI). The heat

capacities measured by PPMS are also shown in Fig. 6 to

compare with the DSC data in the overlapping temperature

region. It can be seen in the heat capacity curve that both

compounds behave a solid–liquid transition in this tem-

perature region. The heat flows recorded in the DSC

measurements are presented in Fig. 7, and the melting

onset temperature, peak temperature and transition
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enthalpy could be determined to be 355.27, 366.23 and

26.02 kJ mol-1 for D-ribose, and 403.09, 412.26 and

26.41 kJ mol-1 for D-mannose.

Also, it can be noted that the DSC data is a little larger

than the PPMS data, and their deviations are determined in

Fig. 8 to be within 3 and 5% for D-ribose and D-mannose,

respectively. These deviations are likely reasonable since

these two sets of data were measured using two different

calorimetric methods, and also the DSC measurement

uncertainties may be easily affected by many factors, such

as sample amounts, morphologies, conductivities, as well

as experimental conditions [24]. In order to avoid the effect

of these deviations on the thermodynamic function calcu-

lation over the entire temperature region, we have scaled

the DSC heat capacity data by multiplying a scaling factor

to match the PPMS data. The scaling factors are 0.975 and

0.961 for D-ribose and D-mannose, respectively. The scaled

DSC heat capacities in the solid and liquid phase temper-

ature region were fitted to a polynomial function of Eq. (2),

and the data in the melting transition region were fitted

using a spline fitting method. The fitting parameters and

corresponding RMS% are listed in Table 4.

Thermodynamic functions

Based on the heat capacity fitting parameters listed in

Tables 3 and 4, the thermodynamic functions of D-ribose

and D-mannose have been calculated using the thermody-

namic relationship of Eqs. (4) and (5) in the temperature

range from 0 to 440 K, and the calculated results are listed

in Table 5. The standard molar heat capacity, entropy and

enthalpy at 298.15 K and 0.1 MPa have been determined

to be Co
p;m = 185.66 ± 1.86 J K-1 mol-1, Som = 176.72

± 1.77 J K-1 mol-1 and Ho
m = 278.41 ± 2.78 kJ mol-1

for D-ribose, and Co
p;m = 223.44 ± 2.23 J K-1 mol-1,

Som = 216.53 ± 2.17 J K-1 mol-1 and Ho
m = 339.39 ±

3.39 kJ mol-1 for D-mannose.

SomðTÞ ¼ r
T

0

Tð Þ
T

dT ð4Þ

D T
0
Tð Þ

T
¼ r

T
0 Tð ÞdT
T

ð5Þ

Comparison to previous results

Torres et al. performed heat capacity measurements in 2009

on D-ribose and D-mannose in the temperature range from

288.15 to 358.15 K using a power-compensation differential

scanning calorimeter [25]. Also, Kawaizumi et al. deter-

mined the heat capacities of these two compounds using a

laboratory-constructed isoperibol twin calorimeter of dry

shield type at room temperature as early as 1981[26]. These

previous data have been plotted in Fig. 9 to comparewith our

measured data. It can be seen that the deviations of our D-

Table 4 Fitting parameters in

solid–liquid transition region for

the experimental molar heat

capacity of D-ribose and D-

mannose measured by DSC

Parameter D-ribose D-mannose

Solid phase fits

A0/J mol-1 K-1 4.0406E?05 4.0630E?04

A1/J mol-1 K-2 -1.3081E?04 -1.3572E?03

A2/J mol-1 K-3 1.8425E?02 1.9476E?01

A3/J mol-1 K-4 -1.4747E?00 -1.5699E-01

A4/J mol-1 K-5 7.3395E-03 7.7969E-04

A5/J mol-1 K-6 -2.3263E-05 -2.4472E-06

A6/J mol-1 K-7 4.5873E-08 4.7466E-09

A7/J mol-1 K-8 -5.1468E-11 -5.2069E-12

A8/J mol-1 K-9 2.5162E-14 2.4754E-15

%RMS 0.111 0.128

Range/K 300–337.15 300–382.15

Liquid phase fits

A0/J mol-1 K-1 4.6665E?06 7.6506E?03

A1/J mol-1 K-2 -5.6079E?04 -3.4063E?01

A2/J mol-1 K-3 2.6948E?02 4.0389E-02

A3/J mol-1 K-4 -6.4721E-01

A4/J mol-1 K-5 7.7688E-04

A5/J mol-1 K-6 -3.7285E-07

%RMS 0.092 0.086

Range/K 379.15–440 421.15–440
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Table 5 Standard thermodynamic functions of D-ribose and D-mannose as a function of temperature T at the standard pressure po = 0.1 MPa

T/K D-ribose T/K D-mannose

Co
p;m/J mol-1 K-1

DT
0S

o
m/J mol-1 K-1 DT

0H
o
m/kJ mol-1 Co

p;m/J mol-1 K-1
DT
0S

o
m/J mol-1 K-1 DT

0H
o
m/kJ mol-1

0 0 0 0 0 0 0 0

1 1.0588E-03 5.6142E-04 3.4277E-07 1 1.5165E-03 1.0632E-03 5.8789E-07

2 6.6694E-03 2.6268E-03 3.6304E-06 2 7.3718E-03 3.5274E-03 4.4644E-06

3 2.1782E-02 7.7799E-03 1.6840E-05 3 2.3219E-02 9.0608E-03 1.8635E-05

4 5.2144E-02 1.7764E-02 5.2264E-05 4 5.7101E-02 1.9832E-02 5.6879E-05

5 1.0470E-01 3.4560E-02 1.2851E-04 5 1.2006E-01 3.8678E-02 1.4249E-04

6 1.8798E-01 6.0470E-02 2.7188E-04 6 2.2602E-01 6.9164E-02 3.1131E-04

7 3.1528E-01 9.8336E-02 5.1915E-04 7 3.9075E-01 1.1552E-01 6.1412E-04

8 4.9808E-01 1.5169E-01 9.2077E-04 8 6.2961E-01 1.8239E-01 1.1176E-03

9 7.4482E-01 2.2395E-01 1.5367E-03 9 9.5392E-01 2.7440E-01 1.9019E-03

10 1.0594 3.1810E-01 2.4331E-03 10 1.3580 3.9520E-01 3.0520E-03

15 3.6057 1.1779 1.3463E-02 15 4.4742 1.4776 1.6923E-02

20 7.3196 2.7047 4.0445E-02 20 8.8895 3.3480 4.9960E-02

25 11.512 4.7846 8.7438E-02 25 13.881 5.8620 1.0676E-01

30 15.766 7.2601 1.5565E-01 30 19.056 8.8488 1.8906E-01

35 19.953 10.006 2.4498E-01 35 24.302 12.180 2.9743E-01

40 24.061 12.939 3.5505E-01 40 29.563 15.769 4.3211E-01

45 28.041 16.005 4.8538E-01 45 34.700 19.549 5.9286E-01

50 31.792 19.156 6.3508E-01 50 39.524 23.458 7.7858E-01

55 35.343 22.352 8.0288E-01 55 44.095 27.438 9.8754E-01

60 38.886 25.580 9.8849E-01 60 48.649 31.471 1.2195

65 42.343 28.829 1.1916 65 53.054 35.540 1.4738

70 45.741 32.092 1.4118 70 57.341 39.629 1.7498

75 49.101 35.362 1.6489 75 61.529 43.729 2.0470

80 52.429 38.638 1.9028 80 65.637 47.831 2.3650

85 55.731 41.915 2.1732 85 69.675 51.932 2.7033

90 59.006 45.194 2.4600 90 73.649 56.027 3.0616

95 62.254 48.471 2.7632 95 77.565 60.115 3.4397

100 65.471 51.746 3.0825 100 81.427 64.192 3.8372

110 71.811 58.285 3.7691 110 88.999 72.309 4.6895

120 78.023 64.800 4.5183 120 96.391 80.371 5.6166

130 84.112 71.287 5.3291 130 103.63 88.373 6.6168

140 90.094 77.740 6.2002 140 110.73 96.313 7.6887

150 95.991 84.157 7.1307 150 117.74 104.19 8.8311

160 101.83 90.539 8.1198 160 124.67 112.01 10.043

170 107.62 96.886 9.1671 170 131.56 119.78 11.324

180 113.40 103.20 10.272 180 138.42 127.49 12.674

190 119.19 109.49 11.435 190 145.28 135.16 14.093

200 125.00 115.75 12.656 200 152.16 142.79 15.580

210 130.85 121.99 13.935 210 159.07 150.38 17.136

220 136.75 128.21 15.273 220 166.03 157.94 18.762

230 142.73 134.42 16.671 230 173.05 165.47 20.457

240 148.78 140.62 18.128 240 180.15 172.99 22.223

250 154.92 146.82 19.646 250 187.32 180.49 24.060

260 161.16 153.02 21.227 260 194.58 187.98 25.970

270 167.50 159.22 22.870 270 201.94 195.46 27.952

273.15 169.52 161.17 23.401 273.15 204.28 197.81 28.592
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ribose DSC data are within about -0.01 and 3% from the

data of Torres and Kawaizumi, respectively, indicating that

our data agree well with these previous results. For D-man-

nose, our PPMS data deviate from Kawaizumi’s data to be

about 4%. However, the DSC data from Torres are not

smoothed below 303 K, and the deviations of their data

above 303 K from our DSC data are within about 7%.

It should pointed out that, as far as we known, the

thermodynamic properties of the melting transition have

not been reported for D-ribose and D-mannose, except that

Goldberg and Tewari [15] indicated their melting temper-

ature to be 360 and 406 K for D-ribose and D-mannose,

respectively. These melting temperature are in roughly

agreement with our DSC onset temperature of 355.27 and

403.09 K. However, we could not find the related report on

the melting transition enthalpy for these two compounds in

previous literatures.

Table 5 (continued)

T/K D-ribose T/K D-mannose

Co
p;m/J mol-1 K-1

DT
0S

o
m/J mol-1 K-1 DT

0H
o
m/kJ mol-1 Co

p;m/J mol-1 K-1
DT
0S

o
m/J mol-1 K-1 DT

0H
o
m/kJ mol-1

280 173.96 165.43 24.577 280 209.40 202.94 30.009

290 180.53 171.65 26.349 290 216.97 210.42 32.141

298.15 185.97 176.72 27.843 298.15 223.22 216.51 33.934

300 191.57 177.88 28.188 300 233.65 217.90 34.349

305 194.86 181.07 29.154 305 237.62 221.79 35.527

310 198.94 184.27 30.138 310 241.71 225.69 36.725

315 203.46 187.49 31.144 315 245.87 229.59 37.944

320 208.56 190.73 32.174 320 250.06 233.50 39.184

325 214.87 194.01 33.231 325 254.24 237.41 40.445

330 223.54 197.36 34.326 330 258.36 241.32 41.726

335 236.20 200.81 35.473 335 262.39 245.24 43.028

340 257.87 204.45 36.702 340 266.37 249.15 44.350

345 299.79 208.48 38.082 345 270.33 253.07 45.692

350 398.75 213.39 39.790 350 274.41 256.99 47.053

355 677.43 220.67 42.359 355 278.80 260.91 48.436

360 1447.1 234.73 47.388 360 283.75 264.84 49.842

365 2482.5 262.65 57.517 365 289.64 268.80 51.275

370 1030.6 289.77 67.475 370 296.93 272.79 52.741

375 458.67 298.14 70.589 375 306.23 276.83 54.248

380 392.83 303.64 72.665 380 318.26 280.96 55.808

385 385.96 308.72 74.609 385 338.98 285.24 57.445

390 384.12 313.69 76.533 390 378.31 289.84 59.228

395 385.04 318.59 78.455 395 461.05 295.11 61.297

400 387.24 323.44 80.385 400 675.50 302.03 64.046

405 389.86 328.27 82.328 405 1324.0 313.71 68.753

410 392.49 333.07 84.284 410 2801.3 338.19 78.735

415 395.10 337.84 86.253 415 1695.9 371.49 92.466

420 397.83 342.59 88.235 420 509.79 381.55 96.661

425 400.85 347.31 90.231 425 488.13 387.35 99.109

430 404.28 352.02 92.244 430 490.58 393.07 101.56

435 407.96 356.72 94.275 435 495.12 398.77 104.02

440 411.39 361.40 96.323 440 501.76 404.46 106.51

All calculated thermodynamic values have an estimated standard uncertainty of about 0.025 9 below 300 K, and 0.03 9 above 300 K

Heat capacities and thermodynamic functions of D-ribose and D-mannose 1057

123



Conclusions

In summary, the heat capacities of D-ribose and D-mannose

have been measured in the temperature range from 1.9 to

440 K using a combination of PPMS and DSC calorimeter,

and the thermodynamic functions of these two compounds

have been calculated based on the fitting parameters as well

as the theoretical and empirical models used in the heat

capacity data fitting. The standard molar heat capacity,

entropy and enthalpy at 298.15 K and 0.1 MPa have been

determined to be Co
p;m = 185.66 ± 1.86 J K-1 mol-1,

Som = 176.72 ± 1.77 J K-1 mol-1 and Ho
m = 278.41 ±

2.78 kJ mol-1 for D-ribose, and Co
p;m = 223.44 ±

2.23 J K-1 mol-1, Som = 216.53 ± 2.17 J K-1 mol-1 and

Ho
m = 339.39 ± 3.39 kJ mol-1 for D-mannose. Also, using

the DSC heat flows, the melting onset temperature, peak

temperature and transition enthalpy have been determined

to be 355.27, 366.23 and 26.02 kJ mol-1 for D-ribose, and

403.09, 412.26 and 26.41 kJ mol-1 for D-mannose.
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