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The heat capacities of N-benzyloxycarbonyl-L-3-phenylalanine were measured by means of a fully automated
adiabatic calorimeter over the temperature range from (79 to 395) K. A solid—liquid phase transition
corresponding to the melting process was observed. The temperature, the molar enthalpy, and entropy of
the phase transition were determined to be 358.799 K, 31.787 kJ-mol™%, and 88.594 J-K~t-mol~1,
respectively. The mole fraction purity of the sample used in the adiabatic calorimetric study was determined
to be 0.9830 according to the Van’t Hoff equation. Two equations of temperature dependence for heat
capacities in the solid and liquid state are presented. The thermodynamic functions, (Hr — Hagg1sk) and
(Sr — S9s.15¢), Were calculated based on the heat capacity data in the temperature range from (80 to 400)
K with an interval of 5 K. The standard molar enthalpies of combustion have been determined to be
AHRY(C17H17NO,, ) = —(8308.52 =+ 3.22) ki-mol~?, with a precision oxygen-bomb combustion calorimeter
at T = 298.15 K. The standard molar enthalpy of formation of the compound has been derived from the
enthalpy of combustion, AiH,°(C17H17NO,, s) = —(815.05 &£ 0.67) kJ-mol . The thermal stability of the
compound was further studied using TG and DSC, and a possible mechanism for thermal decomposition

was suggested.

I ntroduction

N-Benzyloxycarbonyl-L-3-phenylalanine (CAS: 1161-13-3,
abbreviated as NBLP in this paper) is an important chemical
intermediate that can be used to synthesize proteins and
polypeptides in medical, biochemical, food additive, and
cosmetic industries.? It can also be used as a precursor in the
synthesis of novel N-protected a-amino glyoxals via oxidation
with distilled dimethyldioxirane, then to produce polyfunctional
amino acid and peptide derivatives via Wittig reactions.® The
molecular formula of NBLP is C;;H;17NO,; the molar mass is
299.32 g-mol~*; and the molecular structure is:
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Heat capacity is a fundamental thermodynamic property and
characteristic quantity closely related to the energetics and
structure of materials. From heat capacity data, many other
thermodynamic properties such as enthalpy and Gibbs energy,
which are of importance for both theoretical and practical
purposes, can be calculated.* However, until now, the funda-
mental thermodynamic data of NBLP have not been reported
in the literature. To improve the process of chemical and
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medicinal synthesis, the thermodynamic property study of this
substance is necessary. In the present study, the low-temperature
heat capacity of this compound over the temperature range from
(78 to 395) K was measured by an automated adiabatic
calorimeter. The thermodynamic functions, (Hr — Hags.15¢) and
(Sr — Sos.15k), Were derived from the heat capacity data. The
standard molar enthalpy of formation at T = 298.15 K was
determined by oxygen-bomb combustion calorimetry.

Experimental Section

The sample used for the present calorimetric study was
purchased from ACROS ORGANICS Company. The labeled
chemical mass factor purity was higher than 0.99.

DSC analysis was carried out in a TA MDSC-Q1000
differential scanning calorimeter. Prior to measurements of the
sample, the calorimeter was calibrated with indium standards
for the temperature and heat flow calibration. The sample mass
about 0.00350 g was weighted and put into a closed aluminum
pan, placed in the DSC cell, and heated at the rate of (5, 10,
15, 20, and 25) K-min™?, respectively, under high purity
nitrogen atmosphere (99.99 %) with a flow rate of 50
cm~3-min~t. TG analysis was performed on Thermo Cahn
TG500 and calibrated by CaC,04-H,0 (99.9 %) before the
experiment. A mass of 0.02693 g of sample was placed in a
100 uL a-alumina crucible and heated from room temperature
to 875 K with a rate of 20 K-min™! under high purity argon
atmosphere (99.99 %) with a flow rate of 60 cm~3-min~1,

A precision automatic adiabatic calorimeter was used to
measure the heat capacity over the temperature range from (78
to 395) K. The calorimeter was developed in our Materials &
Thermochemistry Laboratory. The principle and structure of the
calorimeter were described in detail elsewhere.>~” The temper-
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Figure 1. TG-DTG curves of N-benzyloxycarbonyl-L-3-phenylalanine.

ature increment for each experimental heat capacity point was
usually controlled to about 3 K for the whole experiment. The
sample mass used for calorimetric measurements was 1.45521
g, which is equivalent to 0.0048616 mol based on the molar
mass M = 299.32 g-mol~. Prior to the heat capacity measure-
ments of the sample, the reliability of the calorimetric apparatus
was verified by heat capacity measurements of the synthetic
sapphire (a-Al,O3), Standard Reference Material 720. The
relative deviations of our calibration results from those of the
smoothed curve lie within £ 0.2 %, while the relative
uncertainty is within £ 0.3 %, as compared with the recom-
mended values reported by Archer® of NIST in the temperature
range from (80 to 405) K.

The standard molar energy of combustion of NBLP was
measured by means of a homemade precision oxygen-bomb
combustion calorimeter. It was an isoperibolic macrocalorimeter
with a static oxygen bomb. The structure and principle of the
calorimeter have been described previously.® A sample (about
0.60 g) was pressed into a pellet and put in a small sample
crucible of about 4 cm?, which was suspended in the bomb with
internal volume of about 300 cm?, and burned under an oxygen
pressure of about 3 MPa. It was ignited by a nickel fuse of
about 16 cm in the presence of 1 cm? of distilled water in the
bomb to ensure equilibrium in the final state after the combus-
tion. The real energy of combustion of the nickel fuse (Qui)
was calculated from the formula Qu/J = 2.929- AL, in which
AL/cm was the length of the combusted nickel wire. The energy
of formation of the aqueous nitric acid produced by oxidation
of a trace of nitrogen, which was contained in the oxygen bomb
and was produced from the combustion reaction, was determined
by the neutral titration with 0.05922 mmol-cm~2 of sodium
hydroxide solution by using phenolphthalein as the indicator.
The enthalpy of formation of the aqueous nitric acid in the
oxygen bomb can be derived from the equation, Quno,/J =
59.831NV, in which N/mol-cm~2 is the concentration of the
sodium hydroxide solution and V/cm® is the volume of the
consumed sodium hydroxide solution.*®

Results and Discussion

DSC and TG Analysis. The TG-DTG technique was applied
to determine the thermostability of NBLP. It can be seen from
the TG-DTG curves shown in Figure 1 that two mass-loss
processes take place with an increase of temperature. The first
mass-loss took place over the temperature range from (450 to
590.79) K (the maximum differential mass-loss temperature in
the DTG was 539.52 K), and the real mass-loss percentage was
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Figure 2. DSC curve of N-benzyloxycarbonyl-L-3-phenylalanine.

47.97 %, which is in agreement with the theoretical percent
content (49.8 %) of the part

o

in NBLP. The second mass-loss process happened over the
temperature region from (590.79 to 750) K (the maximum
differential mass-loss temperature in the DTG was 662.12 K),
and the actual mass-loss percentage was 48.26 %, which is in
agreement with the theoretical percent (50.2 %) content of this

part
“N\/O\/Q

I
(¢]

in NBLP.

A possible mechanism for the thermal decomposition of
NBLP was deduced from the results of the TG-DTG analysis
as follows

Carbon Deposition
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in which the temperatures above the arrows correspond to the
starting, the maximum differential mass-loss, and the ending
decomposition temperatures in every mass-loss step, and the
values below the arrows are the real mass-loss percentages for
each decomposition step (the values in the brackets were
obtained from theoretical calculation based on the chemical
formula of NBLP).

The result of the DSC analysis is plotted in Figure 2 and
listed in Table 6. From Figure 2, it can be seen that there are
two endothermic peaks appearing in the curves. For instance,
in the curve of 10 K-min™, the onset points, peak temperatures
(Tpear), and molar enthalpies of the two endothermic processes
were determined to be 357.75 K, 358.80 K, and 26.51 kJ-mol*
for the first peak, then 496.15 K, 536.25 K, and 34.86 kJ-mol !
for the second peak, which corresponds to the decomposition
process in the temperature range from (450 to 590.79) K in
TG-DTG curves of NBLP.
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Table 1. Experimental Molar Heat Capacities of
N-Benzyloxycar bonyl-L-3-phenylalanine

T Cp,m T Cp,m T Cp,m

K J-K~temol* K J-K~temol~?* K J-K~temol !
79.129 109.2 191.952 219.3 304.152 339.5
81.175 111.4 194.984 223.0 307.188 340.6
84.318 114.7 198.004 226.3 310.219 343.9
87.260 119.7 201.005 229.2 313.241 348.3
90.203 124.4 204.654 233.5 316.259 351.4
93.146 128.0 208.275 236.2 319.267 353.7
96.096 130.2 211.230 238.9 322.269 358.3
99.051 132.6 214.166 242.0 325.266 362.5
103.158 135.7 217.086 248.7 328.252 367.6
107.224 140.4 220.000 250.5 331.235 371.4
110.145 143.8 222.892 252.5 334.210 375.1
113.081 146.3 225.770 254.9 337.173 380.6
116.026 149.3 228.720 256.4 340.126 389.8
118.995 150.1 231.727 258.0 343.067 396.6
121.918 156.4 234.734 260.1 345.967 418.3
124.865 158.7 237.770 264.5 348.883 508.8
127.826 160.7 240.784 266.6 351.809 582.8

130.809 161.9
133.809 165.1
136.776 168.9
139.764 171.3

244.332 268.1
247.888 270.2
250.894 273.1
253.882 277.4

354.373 1079.8
356.227 2370.4
357.328 4796.4
358.031 5811.0

142.777 172.5 256.866 280.9 358.520 12856.8
145.753 176.2 259.834 282.4 358.799 17704.9
148.702 181.2 262.791 286.2 359.363 4488.5
152.530 181.4 265.735 290.4 361.429 549.6
156.300 185.2 268.669 292.7 364.562 551.9
159.199 189.8 271.584 297.9 367.701 552.7
162.163 191.9 274.489 302.3 370.829 553.6
165.093 194.2 277.382 301.8 373.947 554.9
168.086 197.5 280.255 307.3 377.053 555.6
171.135 198.8 283.119 314.7 380.134 557.1
174.160 201.1 286.092 319.9 383.207 558.5
177.160 206.1 289.048 323.8 386.327 560.8
180.144 209.9 291.975 326.7 389.430 562.4
183.108 211.4 295.014 330.1 392.554 563.6
186.048 211.8 298.060 333.0 395.546 564.8

188.969 218.1 301.112 336.5

Heat Capacity. The experimental molar heat capacities of
NBLP are tabulated in Table 1 and shown in Figure 3. The
molar heat capacities are fitted to the two following polynomial
equations by the least-squares fitting. For the solid phase over
the temperature range from (79 to 345) K

Cpm/(*K ™ +mol ™) = 236.857 + 124.005X —
0.172X% + 11.464X3 + 34.905X* + 1.898X° — 25.153x°
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Figure 3. Experimental molar heat capacity C,, of N-benzyloxycarbonyl-
L-3-phenylalanine as a function of temperature.

where X is the reduced temperature and X = [T — (Tnax + Timin)/
2V [(Tmax — Tmin)/2]; and T is the experimental temperature. In
this equation, Tmax is the upper limit (345 K), and Tp, is the
lower limit (80 K), so X = [(T/K — 212.5)/133.5]. Thus, it could
make the value of X between +1 and —1. The correlation
coefficient of the fitted curve R*> = 0.9992.

For the liquid phase over the temperature range from (365
to 400) K

Cpm/(3-K ™ +mol ™) = 556.931 + 7.2351X + 6.351X° +

4.008X% — 11.465x* — 11.267X° + 6.747X° + 6.747X’
)

where X = [(T/K — 380)/16] and R? = 0.9982.
Thermodynamic Functions. The thermodynamic functions

relative to the reference temperature of 298.15 K were calculated

in the temperature range from (80 to 345) K and from (365 to

400) K with an interval of 5 K, using the polynomial equations

of heat capacity and thermodynamic relationships as follows.*°
Before melting of the sample

T
Hr — Haggisx = f298,15K Com()dT ©))

T _
St — Soegask = j;98_15K Com(®T 'dT 4)

After melting of the sample

Ti
Hr — Hagg1sk = Jy08 15 Com(®)AT + AgHp, +

S1CnhdT (3)

St — Segask = ‘[2:8_15K [Cp,m(S)Til]dT + AfusHmT;l +
SoICon()T dT] (6)

The values of thermodynamic function [Hr — Hagg1s¢] and
[Sr - SzggA15K] are listed in Table 2.

Temperature, Molar Enthalpy, and Entropy of Fusion. The
molar enthalpy AgsHm and entropy AqsSn of fusion of NBLP
were calculated from the following equations

AwgHn = [Q = n " Cye)dT — n f'C(dT —
ST AT (7)

Afussm = AfusHm/Tm (8)

where T; is the temperature slightly lower than the initial melting
temperature; Tt is the temperature slightly higher than the final
melting temperature; Q is the total energy introduced to the
sample cell from T; to T; C4(s) is the heat capacity of the sample
in the solid phase from T; to Tn; Cy(l) is the heat capacity of
the sample in liquid phase from Ty, to Tr; and Hy is the heat
capacity of the empty sample cell at temperature (T; + T¢)/2.

The results of the melting point, molar enthalpy, and entropy
of fusion obtained from the heat capacity measurements are
listed in Table 3.
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Table 2. Smoothed Heat Capacities and Thermodynamic Functions
of N-Benzyloxycarbonyl-L-3-phenylalanine

T Cp,m HT - H298.15K ST - SZQS.lSK

K J-K™t-mol ! kJ-mol* J-K™temol !
80 110.4 —46.94 —258.0
85 116.7 —46.37 —250.5
90 122.6 —45.77 —243.2
95 128.0 —45.15 —236.0
100 133.2 —44.50 —229.0
105 138.1 —43.83 —222.2
110 142.8 —43.13 —215.5
115 1475 —42.41 —208.9
120 152.0 —41.67 —202.4
125 156.5 —40.89 —196.0
130 161.0 —40.10 —189.7
135 165.4 —39.29 —183.5
140 169.9 —38.45 —177.4
145 174.4 —37.58 —171.4
150 179.0 —36.70 —165.4
155 1835 —35.79 —159.4
160 188.1 —34.86 —153.5
165 192.7 —33.90 —147.6
170 197.3 —32.93 —141.8
175 202.0 —31.93 —136.0
180 206.6 —30.90 —130.3
185 211.3 —29.86 —124.6
190 215.9 —28.79 —118.9
195 220.6 —27.70 —113.2
200 225.2 —26.58 —107.6
205 229.9 —25.44 —102.0
210 2345 —24.28 —96.37
215 239.2 —23.10 —90.80
220 243.8 —21.89 —85.24
225 248.5 —20.66 —79.71
230 253.1 -19.41 —74.19
235 257.8 —18.13 —68.69
240 262.6 —16.83 —63.21
245 267.3 —15.50 —57.74
250 272.1 —14.16 —52.29
255 277.0 —12.79 —46.84
260 282.0 —11.40 —41.41
265 287.1 —9.979 —35.99
270 292.2 —8.539 —30.58
275 297.5 —7.076 —25.16
280 302.9 —5.590 —19.75
285 308.5 —4.081 —14.33
290 314.2 —2.548 —8.895
295 320.0 —0.992 —3.445
298.15 323.7 0.000 0.000
300 326.0 0.587 2.029
305 332.1 2.189 7.535
310 338.3 3.815 13.08
315 344.6 5.463 18.68
320 351.0 7.136 24.34
325 357.5 8.831 30.07
330 363.9 10.55 35.89
335 370.3 12.29 41.81
340 376.6 14.06 47.85
345 382.6 15.85 54.03
350 phase transition \ \
355 phase transition \ \
360 phase transition \ \
365 552.0 49.22 148.0
370 553.2 51.68 154.7
375 554.7 54.14 161.3
380 556.2 56.61 167.9
385 558.3 59.08 174.3
390 561.2 61.57 180.7
395 563.3 64.07 187.1
400 565.3 66.58 1934

Purity Determination. The purity of the sample was deter-
mined by a set of equilibrium melting temperatures and melted
fractions corresponding to these temperatures. The principium
was described in detail in the literature.**~** The experimental
equilibrium melting temperature T and melted fraction F

Table 3. Thermodynamic Parameters of Solid—Liquid Phase
Transition of N-Benzyloxycar bonyl-L-3-phenylalanine Obtained from
Heat Capacity Measurements

Tm AfusHm AfusSn
thermodynamic properties K kJ-mol~* J-K™temol~*
358.80 3177 88.59

Table 4. Experimental Results of Melting Fractions and
Equilibrium Temperatures of N-Benzyloxycarbonyl-L-
3-phenylalanine

o/l F 1F TIK
26.526 0.1716 5.8263 356.227
45.371 0.2936 3.4064 357.328
65.175 0.4217 2.3713 358.031
87.812 0.5682 1.7600 358.520
111.174 0.7193 1.3902 358.799

corresponding to the temperature are listed in Table 4. The
equilibrium melting temperature T is plotted against the recipro-
cal of the melted fractions 1/F as shown in Figure 4. The melting
points of the absolute pure sample, T, = 359.479 K, and that
of the sample, T, = 358.904 K, can be obtained at 1/F = 0 and
1/F = 1, respectively, from Figure 4.

According to ideal solution law, the molar fraction of a small
amount of impurities, N, can be calculated from the following
equation’

N = AfusHm(TO - Tl)

RT ©)

Putting the values of Ty, Ty, and AssHrm (listed in Table 3)
into the above equation, the molar fraction of impurities, N =
0.017, was obtained, and then the molar fraction purity of the
sample was determined to be 0.9830.

Standard Molar Energy, Enthalpy of Combustion, and

Enthalpy of Formation. The standard molar energy of combus-
tion of NBLP, A.UY, can be calculated from the equation™®

ACU% = (fcatoAT — Qui — QHNO3 = AUshbur)M/W
(10)

where eq0/d* K™ is the energy equivalent of the oxygen bomb
calorimeter; AT is the corrected temperature rise; M is the molar

359.5
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357.5
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3563 1700 % 98.30 %
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1 2 3 4 s 6
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Figure 4. Melting curve (T vs 1/F) of N-benzyloxycarbonyl-L-3-phenyl-
alanine during the fusion process.
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Table 5. Experimental Results of the Combustion Energies of N-Benzyloxycarbonyl-L-3-phenylalanine Obtained from the Oxygen-Bomb

Combustion Calorimetry at T = 298.15 K and P° = 0.1 MPa*"

1 2 3 4 5
Myupstance/Q 0.59136 0.57730 0.63018 0.58550 0.47559
NHNO;+10%/mol 33.16 26.65 33.16 31.38 26.64
ATJ/K 1.1704 1.1409 1.2444 1.1573 0.9397
Qign/J 38.660 39.832 36.610 39.539 38.953
AUpno,/J 19.84 15.94 19.84 18.78 15.94
AUyashburn/J 12.35 12.10 13.18 12.24 9.99
—AUY)-gt 27809.38 27768.89 27753.74 27771.83 27745.92
—A U4 /kI-molt 8320.21 8308.16 8303.30 8309.00 8301.92
mean AUY(s) = AUY + 0.° = —(8308.52 + 3.22) ki-mol~*

& AUhno; AUwashoum, Qign are the energy correction of the nitric acid formation, the washburn correction, and the energy of combustion of the nickel
fuse, respectively. ® o, = [Z1(x — X)¥n(n — 1)]*2, in which n is the experimental number (n = 5); x; is a single value of combustion energies; and X is

the mean value of combustion energies.

Table 6. Experimental Results of DSC during the Different Heating
Rate of N-Benzyloxycarbonyl-L-3-phenylalanine®

first peak second peak
B Tonset Tpeak AgyseH Tonset Treak AgecH
K-min™! K K Jemol™t K K J-mol~?*
5 357.62 358.47 26.18  483.63 524.04 34.28

10 357.75 358.80 26.51  496.15 536.25 34.86
15 358.01 359.11 27.04 503.64 546.47 35.23
20 35848 359.58 27.89 509.13 550.84 35.77
25 358.31 359.63 28.92 506.14 55490  40.50

2B is the heating rate; Tonset IS the onset temperature; Tpeq iS the peak
temperature; AgsH is the enthalpy of fusion; and AgcH is the enthalpy
of decomposition obtained from DSC curves.

mass of the sample; and W is the mass of the sample. The results
calculated by the equation are listed in Table 5.

The standard molar enthalpy of combustion of NBLP, AHS,
referred to the combustion enthalpy change of the following
reaction at T = 298.15 K and P° = 100 kPa based on the
definition of the combustion enthalpy about the organic compound

C.HNO,(s) + 77/40,(g) = 17CO,(g) + 17/2H,0(l) +
U2N,(g) (11)

The standard molar enthalpies of combustion can be derived
from the standard molar combustion energy by the following
formula

AHS = AU% + An-RT (R=8.314J-mol *-K ™)

(12)

An = Zni(products, g) — Zni(reactants, 9)
(13)

where Xn; is the total molar amount of the gases in products or
reactants. From formulas1l and 13, An = —1.75.

The standard molar energy of combustion, A,U%, can be
obtained from Table 5

AU = (AU + 0,) = —(8308.52 + 3.22) kJ-mol~*

The standard molar enthalpy of combustion of NBLP is
calculated

AH?, = —(8304.18 + 3.22) kJ-mol !

The standard molar enthalpy of formation of the organic
compound, A{HS, is calculated by a designed Hess thermo-
chemical cycle according to the following reaction

AfH?n(C17H17NO41 s) = 17Ang1(COZ* g) +
17/2AHS (H,0, I) — AHZ(C,;H,,NO,, 5) (14)

In the above formula, the standard molar enthalpies of
formation of CO,(g) and H,O(l), recommended by CODATA,**
AHE(CO,, g) = —(393.51 + 0.13) kJ-mol ™%, and AH%(H,0,
) = —(285.83 + 0.04) ki-mol™, are employed in the
calculation of A{H%(C17H17NQy, s) values. On the basis of these
values and the standard molar enthalpy of combustion, the
standard molar enthalpy of formation of NBLP can be calcu-
lated: AfHPn(Cl7H17NO4, S) = _(81505 + 067) kJ-mol~1.

Conclusions

The heat capacities of NBLP were measured in the temper-
ature range from (79 to 395) K by a high-precision automated
adiabatic calorimeter. On the basis of the experimental heat
capacities, two equations of heat capacity as a function of
temperature were obtained. The thermodynamic functions (Hr
— Haggisk) and (Sr — Sog.15¢) Were derived from the equations
in the range from (80 to 400) K with temperature intervals of
5 K. The thermodynamic properties of the fusion process were
completely studied through heat capacity measurements: the
melting temperature and the standard molar enthalpy and entropy
of fusion were determined, respectively. The molar fraction
purity was calculated in terms of the Van’t Hoff equation. The
standard molar enthalpy of formation of NBLP was determined
with a precision oxygen bomb combustion calorimeter. The
thermal stability of the compound was further studied using TG
and DSC analyses, and a possible mechanism for thermal
decomposition was suggested.
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