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Abstract The enthalpies of combustion and formation in

solid state of tryptophan stereoisomers (L- and D-) and of their

racemic mixture are reported (-406.6 ± 3.1, -407.4 ± 2.1,

-410.7 ± 2.3 kJ mol-1, respectively) and compared to the

literature and calculated data. The transformation (melting—

decomposition) points and the associated thermal effects were

determined from DSC curves in the temperature range

between ambient and beyond the melting—decomposition

temperatures. Samples without further purification as well as

dried samples were used in the experiments. The chiral purity

of the enantiomers was checked by means of polarimetry. The

values of the enthalpies of formation in crystalline and ideal

gas state are compared with those calculated by group addi-

tivity methods. They highlight the relative stability of tryp-

tophan and suggest the higher stability of the racemic mixture.

The melting—decomposition process revealed by DSC and

thermogravimetry is discussed in relationship with the pre-

vious treatment of samples.
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Introduction

Tryptophan (molar mass 204.225 g mol-1) belongs to the

heterocyclic amino acids being an indolic derivative and

the most widely amino acid distributed in nature [1]. The

principal role of L-Tryptophan in the human body is as a

constituent of proteins. It is an essential amino acid in the

human diet.

L-Tryptophan functions as a biochemical precursor for

serotonin (a neurotransmitter), which is synthesized via

tryptophan hydroxylase. It can be also metabolized into

melatonin (a hormone allowing the entrainment of the

circadian rhythms of several biological functions) as well

as into vitamin B3 (nicotinic acid) [2].

D-Tryptophan is sometimes found in peptides that have

been produced naturally [3].

A single literature value of the enthalpy of formation of

L-Tryptophan is available, -413.99 kJ mol-1 [4]. It was

corrected to -415.27 kJ mol-1 by Cox and Pilcher [5]. No

data about the enthalpy of formation of D-Tryptophan were

found in the literature as well as for the racemic mixture.

Several direct experimental investigations of the thermo-

dynamic properties of conformational isomers of amino

acids have been carried out previously by us [6–10]

Ribeiro da Silva et al. [11] and Yang et al. [12]. Other

thermochemical data on amino acids were reported by the

present authors, as well [13–15].

The aim of this paper is to measure for the first time the

energy of combustion of D- and DL-Tryptophans and to

compare the enthalpies of formation of all tryptophan’s

stereoisomers (value of the L-isomer determined both by us
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anna_matache@yahoo.com
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and by Tsuzuki et al. in 1958) between them and with

values calculated by group additivity. We also intended to

bring more information about their thermal behavior in

function of the isomer type and of previous thermal

treatments.

Experimental

Materials

The reagents used in this work were obtained from Sigma-

Aldrich (D-Tryptophan and DL-Tryptophan) mass fraction

purities C98 and 99%, respectively, and from Merck (L-

Tryptophan for biochemistry, assay C99%). The only

impurities amounting at least 0.1%, (other than water)

certified by the manufacturer consist of other amino acids

(B0.3%), having very close massic enthalpies of combus-

tion to that of the main component so that they do not alter

significantly the final results. The three compounds were

used without further treatment (type 1 samples), or dried in

a vacuum oven for 3 h at 363 K and preserved in a des-

iccator before use, in order to eliminate adsorbed water

(type 2 samples).

Specific rotations [a]k
25 of the investigated compounds

were determined on solutions in deionized water for

checking the amino acid optical purity. A 341 Perkin Elmer

polarimeter was used in the D line of sodium, with glass

cells (1 cm path length), at 298 K. Table 1 contains our

values compared to the literature data [16, 17].

Methods

Combustion calorimetry

A Parr Instruments model 6200 microprocessor-controlled

isoperibol bomb calorimeter was used in combustion

experiments together with type 2 samples. Temperature is

measured with a high precision electronic thermometer

using a specially designed thermistor sensor. Measure-

ments were taken with 0.0001 K resolution. The jacket

temperature is held constant for isoperibol operation. We

have used the semimicro kit because the compounds under

study were not available in large amounts. This bomb can

handle samples that range from 25 to 200 mg. High purity

oxygen 99.998% was used for combustion. Calorific-grade

benzoic acid supplied by Parr, having heat of combustion

26.454 J g-1, was used for the standardization of the

combustion calorimeter. The determined calorimeter con-

stant was 2338.3 ± 2.8 J K-1.

The samples were pressed into pellets of 3 mm diame-

ter. The pellets were weighed with a Mettler-Toledo

microbalance with an accuracy of ±2 9 10-6 g. The final

solution from the bomb was analyzed for the presence of

nitric acid (about 20% from the total nitrogen) by titration

with solution of Na2CO3 0.1 mol L-1. The heat due to

nitric acid formation was obtained using the value of the

enthalpy of formation of nitric acid solution—DfHHNO3,

aq = -58.8 kJ mol-1 [5].

At least five runs were retained for each isomer. Some

runs were rejected because of doubt about combustion

completeness. In runs used in data calculation, there was no

evidence of soot formation in the bomb. Typical results of

the combustion measurements for the three compounds are

given in Table 2. The uncertainties represent two standard

deviations of the mean. DU(fuse) and DU(ign) were cal-

culated from the mass of cotton and Dcu(cot-

ton) = 16.240 ± 20 J g-1 [18] and from the mass of the

fire and Dcu(Ni–Cr) = 5.86 kJ g-1 (certified by the fabri-

cant), respectively. In order to bring the experimental

values of energy of combustion to the standard state

(T = 298.15 K and p = 101.325 kPa), corrections were

made with the Washburn approximate equation, recom-

mended in the case of compounds with carbon, hydrogen

and oxygen of CaHbOc general formula [5]:

P% ¼ �0:3 a pinit

�DUexp
1 � 1:1 b� 2cð Þ

4a
þ 2

pinit

� �
ð1Þ

where pinit stands for the initial oxygen pressure and

-DUexp for the experimental energy of combustion, a,

b and c being the numbers of carbon, hydrogen and oxygen

atoms from the molecular formula of the compound,

respectively. P is calculated in percents from the experi-

mental value. The above equation applies fairly well in the

case of nitrogen-containing compounds as well [5].

Thermoanalytical methods

DSC A Perkin Elmer power-compensated DSC (model

8500) was used for the measurement of the enthalpies of

the processes occurring during heating (fusion and

decomposition). All measurements were taken in sealed

pans and inert atmosphere (N2). The scan rate was

10 K min-1.

The calorimeter was calibrated with indium

(DfusH = 28.46 J g-1). The areas of the peaks corre-

sponding to the standard and studied substances were used

Table 1 Specific rotations of L-, D- and DL-Tryptophan

Amino acid Concentration/

g 10-2 mL-1
ak

25 [a]k
25 [a]k

25

(literature)

L-Tryptophan 1.004 -0.033 -32.87 -31.50 [16]

D-Tryptophan 0.504 ?0.017 33.73 32.45 [17]

DL-Tryptophan 0.7532 0 0 –
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to calibrate the instrument and calculate the thermal effects

of the investigated tryptophans.

TG Thermogravimetric measurements were taken between

ambient and 723 K, by means of TGA–DTA/DSC SETSYS

Evolution 17 in argon atmosphere. Metallic substances of

99.999% purity were used to perform the calibration in

temperature, together with alumina crucibles containing

samples weighing 1.5–2 mg. The scan rate was 10 K min-1.

FT–IR The various functional groups present in the

sample were identified and confirmed by recording the FT–

IR spectrum, at room temperature, in the range

4000–625 cm-1, using Thermo Scientific Nicolet iS10 FT–

IR spectrophotometer with an attenuated total reflection

(ATR) method.

Results

Combustion energy

For calculating the enthalpies of formation, the following

values were considered: DfH
�
CO2

ðgÞ ¼ �393:51 � 0:13

kJ mol-1, DfH
�
H2OðgÞ ¼ �285:83 � 0:042 kJ mol-1 [19].

Our data for the solid-state enthalpies of formation are

shown in Table 3, together with the literature values [4, 5].

The values of the enthalpies of formation of the enan-

tiomers are identical within experimental error, while that

of the racemic form seems to be more negative.

DSC

The DSC determinations were performed on two types of

samples: type 1 (Fig. 1) and type 2 (Fig. 2).

Only one endothermic peak (with a shoulder) is recor-

ded for the enantiomers, in the temperature range

540–577 K in the case of type 1 samples. The temperature

range of the peaks is considerably higher than that of other

amino acids (under 520 K) (Table 4).

It may be seen that the curves of the two enantiomers are

similar. However, differences of 1–4 K between the char-

acteristic temperatures of the peaks are observed, which

become smaller at lower scan rates. They are due to dif-

ferent morphologies of the samples. A similar behavior was

observed in the case of the isomers of proline [6], threonine

[7], aspartic acid [9] and serine [10]. Our maximum tem-

peratures of the peaks of the enantiomers (570 and 566 K)

are in reasonable agreement with most literature values,

i.e., 570 K [20], 563 K [21], but not with the temperature

Table 2 Typical results of combustion experiments for L-, D- and DL-Tryptophan

Amino acid L-Tryptophan D-Tryptophan DL-Tryptophan

Sample 1 2 1 2 1 2

mp/g 0.086521 0.085006 0.081549 0.081076 0.073958 0.07664

DT/K 1.0458 1.0277 0.9987 0.9941 0.8978 0.9443

Q/J 2445.43 2433.51 2335.30 2324.54 2099.36 2208.09

qHNO3/J 6.56 5.86 5.71 5.95 5.29 5.73

qi/J 11.27 18.68 11.41 11.90 24.65 13.56

qcotton/J 38.83 64.16 69.49 70.61 30.47 75.66

-Dcu/J g-1 27,609.2 27,583.9 27,574.6 27,580.0 27,569.1 27,570.9

-DcU/kJ mol-1 5638.62 5633.47 5631.57 5632.67 5630.44 5630.80

-DcU�/kJ mol-1 5637.76 5632.61 5630.71 5631.81 5629.58 5629.94

Mean value:

-\DcU�[/kJ mol-1

5634.5 ± 3.0 5633.7 ± 2.3 5630.4 ± 2.3

mp—mass of compound burned in each experiment; DT—temperature rise; Q—total evolved heat observed; qi—energy used to ignite the

sample; qcotton—energy of burned cotton; qHNO3—energy of nitric acid formation; Dcu—massic energy of combustion of the sample, molar

energy of combustion; DcU�—non-corrected molar energy of combustion; DcU�—standard molar energy of combustion

Table 3 Enthalpies of combustion and formation of isomeric tryptophans

Amino acid -DcU�/kJ mol-1 -DcH�/kJ mol-1 -DfH�/kJ mol-1 (this work) -DfH�/kJ mol-1 (literature)

L-Tryptophan 5634.5 ± 3.0 5637.0 ± 3.0 406.6 ± 3.1 413.99 [4]

415.27 [5]

D-Tryptophan 5633.7 ± 2.0 5636.2 ± 2.0 407.4 ± 2.1 –

DL-Tryptophan 5630.4 ± 2.3 5632.9 ± 2.3 410.7 ± 2.3 –
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range reported by authors [22] (517–541 K). The thermal

effect (62.5 kJ mol-1) is in relative agreement with that

obtained by Rodante et al. [20].

The parameters of the curve of the racemic mixture are

similar to those of enantiomers.

For type 2 samples (Fig. 2), an exothermic peak is

recorded first in the range 513–531 K, which is followed

by two endothermic effects. The maxima of the first

endothermic peaks of the three isomers are situated at

somewhat lower temperatures than those found for type 1

samples. As regards the second endothermic peak, it is

different for the three isomers. This peak is situated around

560 K for the enantiomers and is much smaller for the L-

Enantiomer than for D-. In the case of the racemic mixture,

this peak is situated at 580 K. (Table 5).

Thermogravimetry

Thermogravimetric records for type 2 samples show a first

step fast mass loss of 20–24% starting at 526–538 K,
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Fig. 1 DSC curves of L-, D- and

DL-Tryptophan (type 1 samples)
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Fig. 2 DSC curves of L-, D- and

DL-Tryptophan (type 2 samples)
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followed by a continuous mass decrease in the sample. At

723 K, a mass reduction of over 80% is observed for both

L- and D-Enantiomers and the racemic mixture. (Table 6;

Fig. 3) Our curves are similar to that reported by

Mello et al. [23] for the L-Enantiomer. The same authors

state that only small molecules (NH3, CO2, H2O) evolved

during the first step. Table 7 shows comparative data of

thermal analysis data on tryptophan of different authors.

FTIR

No significant differences were observed between samples

dried in a vacuum oven and those which were not subjected

to any treatment.

Discussion

The experimental enthalpies of formation are compared

with values calculated by means of the group additivity

method, in the form recommended by Domalski and

Hearing [24]. As in the case of other amino acids, a

zwitterion contribution is taken into account, in the case of

the crystalline state. The value of the group parameter [N–

HCBCd] was not found, but it was observed that the

parameters for the groups [N–H(CB)2] and [N–H(Cd)2] are

identical. It was concluded that in this case the group

parameter value does not depend on the type of sp2 carbon

atom so that the same value was used for [N–HCBCd]. A

comparison between experimental and calculated values is

given in Table 8.

The experimental and estimated enthalpies of forma-

tion in solid state are in fair agreement. Tryptophan

differs from this point of view from other amino acids,

such as asparagine, glutamine or serine, by the lack of

additional stabilization of its molecule, coming from a

large number of hydrogen bonds. In the tryptophan

crystal, only three hydrogen bonds per molecule are

present less than in the case of other amino acids. The

hydrogen bond lengths and aromatic interactions show

that the racemic structure is more efficiently packed than

that of enantiomers, as resulting from X-ray diffraction

studies [25, 26]. Consequently, the enthalpy of formation

of the DL-isomer is expected to be more negative than

those of enantiomers, which seems consistent with our

data (Table 8).

Table 4 DSC data of isomeric tryptophans (type 1 samples, 10 K min-1)

Amino acid Tonset/K Tmax/K Tend/K DH/kJ mol-1

L-Tryptophan 543 ± 0.8 569 ± 1.2 576 ± 0.47 62.5 ± 0.9 (melting- decomp.)

D-Tryptophan 542 ± 1.6 566 ± 2 571 ± 1.2 58.3 ± 0.8 (melting- decomp.)

DL-Tryptophan 548 ± 1.2 566 ± 2.8 570 ± 1.6 65.3 ± 1.2 (melting- decomp.)

Table 5 DSC data of isomeric tryptophans (type 2 samples, 10 K min-1)

Amino acids Peak Tonset/K Tmax/K Tend/K DH/kJ mol-1

L-Tryptophan 1 514 ± 1 523 ± 1 529 ± 1 -51.0 ± 1.7 (crystallization)

2 552 ± 1 556 ± 1 558 ± 1 38.8 ± 1.4 (melting- decomp.)

3 560 ± 1 562 ± 1 563 ± 1 1.1 ± 0.3 (decomposition)

D-Tryptophan 1 514 ± 1 520 ± 1 526 ± 1 -33.3 ± 1.9 (crystallization)

2 549 ± 1 553 ± 1 557 ± 1 28.4 ± 1.1 (melting- decomp.)

3 556 ± 1 557 ± 1 558 ± 1 6.4 ± 0.8 (decomposition)

DL-Tryptophan 1 508 ± 1 513 ± 1 523 ± 1 -50.3 ± 0.9 (crystallization)

2 554 ± 1 558 ± 1 562 ± 1 54.6 ± 2.1 (melting- decomp.)

3 580 ± 1 581 ± 1 582 ± 1 7.1 ± 1.5 (decomposition)

Table 6 Thermogravimetric data of isomeric tryptophans (type 2 samples, 10 K min-1)

Amino acid Dm/%/T/K Dm/%/T/K Dm/%/723.15 K

L-Tryptophan -21.76/538.15–587.15 -60.86/587.15–723.15 -83.24

D-Tryptophan -20.04/533.15–583.15 -58.70/583.15–723.15 -82.03

DL-Tryptophan -24.57/526.15–581.15 -52.85/581.15–723.15 -81.40
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The enthalpy of sublimation of tryptophan could

hardly be determined because this compound decom-

poses during evaporation, even at low pressure [27–29].

Tyunina et al. [27] reported a value of

186.6 ± 4.1 kJ mol-1 for the standard enthalpy of

sublimation. This value was used in deriving the ideal

gas-state enthalpy of formation from Table 8, which is

compared with group additivity calculated values [24].

The gas-state experimental and calculated values agree

within the cumulated errors.
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Fig. 3 TG–DTG curves of L-,

D- and DL-Tryptophan (type 2

samples)

Table 7 Comparative values of melting—decomposition parameters of L-Tryptophan, reported by different researchers

Tonset/K Tpeak/K Tend/K Mass loss % DH/kJ mol-1 Method Reference

543 570 573 63.43 DSC This work (type1)

551 555 558 38.0 DSC This work (type 2)

Peaks 2, 3

538 587 21.76 TG This work (type 2)

538 565 586 DTG This work (type 2)

542 DETA (type 2) [10]

543 590 17.45 TG [20]

550 570 590 76.98 DSC [20]

513 TG [22]

517 528 541 DTA [22]

537 DTG [22]

551 563 [21]

566 DSC [31]

577 DSC [23]

Table 8 Experimental and calculated enthalpies of formation of Tryptophan

Amino acid -DfH�/kJ mol-1

(cr,exp) this work

-DfH�/kJ mol-1

(cr,calc.)

-DfH�/kJ mol-1

(g,exp)

-DfH�/kJ mol-1

(g,calc.)

L-Tryptophan 406.6 ± 3.1 405.6 [24] 220.0 227.8 [24]

D-Tryptophan 407.4 ± 2.1 405.6 [24] 220.8 227.8 [24]

DL-Tryptophan 410.7 ± 2.3 – 224.1 –
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The endothermic peaks observed on the DSC curves are

due to melting accompanied by decomposition. The melt-

ing points usually found for amino acids are irrelevant

since they decompose, so that the ‘‘melting’’ points vary

according to the experimental conditions used by the

researcher [30].

The different melting behavior of type 1 and type 2

samples is consistent with the dielectric investigation of

premelt of amino acids by Matthews and Riga, who

showed a clear difference between the samples taken

directly from the bottle (neat), those heated prior to

dielectric analysis, and those dried in a desiccator. Tryp-

tophan is an interesting case because its neat and heat-

treated samples showed no premelt peak. The absence of a

premelt peak is typically associated with a greater amor-

phous content; in this case, it is possible that desiccation

encouraged crystallization of the type 2 samples [31, 32].

As regards the exothermic peak observed in the case of

type 2 samples, it is due probably to a crystallization

process [33]. As a result of the elimination of water traces

during the previous heating, a partially amorphous struc-

ture was obtained which transforms into a fully crystalline

beyond 500 K.

Conclusions

The enthalpies of formation of all stereoisomers of tryp-

tophan are reported and discussed in correlation with their

structure. A different behavior on heating was observed for

samples dried in a vacuum oven compared to those used

without any previous treatment.
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