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Abstract A new potential enantioselective catalyst

derived from ferrocene, 1-{(R)-1-[(S)-2-(diphenylphos-

phino)ferrocenyl]ethyl}-benzimidazole (DPFEB), was

prepared and its absolute structure was characterized by

means of single crystal X-ray diffraction. The molar heat

capacity of DPFEB was measured by means of temperature

modulated differential scanning calorimetry over the tem-

perature range of 200–530 K, and the thermodynamic

functions of [HT - H298.15] and [ST - S298.15] were cal-

culated. Further more, thermogravimetry experiment

revealed that DPFEB exhibited a three step thermal

decomposition process with the final residual of 28.7%.

Keywords Enantioselective catalyst � Crystal structure �
Molar heat capacity � Thermodynamic functions

Introduction

Ferrocene-based derivatives have been widely used in a lot

of fields, such as electrochemistry [1–3], material science

[4–6], and particularly enantioselective catalysis [7–9],

because of their stability, easy introduction of planar chi-

rality, and special electronic- and stereo-properties of the

ferrocene skeleton. Recently, PPFA (shown in Scheme 1), a

ferrocene-based chiral phosphorus intermediate, has been

widely applied in the designing and synthesizing of chiral

ligands due to its diversity in ligand preparation [10, 11].

Very recently, N-heterocycles contained ferrocene-based

chiral phosphorus ligands, which can be synthesized from

PPFA [12], have exhibited excellent enantioselectivities and

catalytic activities in enantioselective catalysis [13]. In order

to synthesize a series of ferrocene-based chiral phosphorus

ligands containing N-heterocycles, we prepared 1-{(R)-1-

[(S)-2-(diphenylphosphino)ferrocenyl]ethyl}-benzimidazole

(DPFEB). DPFEB can be prepared from PPFA through

Scheme 2. There are P and N coordinating atoms contained

in DPFEB, making it have potential application in enantio-

selective catalysis. Further more, functional groups con-

taining coordinating atoms such as P, S, O, and N could be

introduced to the benzimidazole ring of DPFEB, making it

versatile in further ligands preparation.

It is generally accepted that thermodynamic properties are

one of the most critical properties of substance. The prepa-

ration and application of a substance are greatly affected by

its thermodynamic properties. Heat capacity is the most

fundamental thermodynamic property, from which other

thermodynamic properties such as enthalpy and entropy can

be obtained. However, the thermodynamics of compounds

derived from ferrocene have been scarcely reported [14].

Temperature-modulated differential scanning calorimetry

(TMDSC) is an easier and accurate method for determining
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the heat capacity. The structure and principle of the calo-

rimeter have been described in details [15, 16]. Recently, it

has been greatly developed for directly determining heat

capacities for various materials successfully [17–20].

In this article, the preparation and the crystal structure of

DPFEB were reported. In addition, the molar heat capacities

of DPFEB were measured by TMDSC and the thermody-

namic parameters such as entropy and enthalpy were also

calculated. The accuracy of TMDSC was established by

comparing the measured heat capacities of standard sap-

phire (a-Al2O3) with previously reported values (NIST and

NBS) [21, 22]. Furthermore, the thermal decomposition

characteristics of this compound were also investigated.

Experimental

Sample preparation

General considerations

All reactions were carried out under nitrogen atmosphere in

oven-dried glassware. Unless otherwise noted, commercial

reagents were used as received without further purification.

Diethyl ether (Et2O) was distilled from sodium/benzophe-

none ketyl under nitrogen atmosphere. (R)-Ugi’s amine

was prepared according to a reported procedure [23].

Preparation of (Rc, Sp)-PPFA

As described in Scheme 1 [24], to a solution of (R)-Ugi’s

amine (7.2 g, 28 mmol) in Et2O (40 mL) was added

dropwise n-BuLi (12 mL, 30 mmol, 2.5 M solution in

hexane) at 298–300 K. The reaction mixture was stirred for

another 1.5 h at room temperature. The mixture was then

heated to reflux, followed by dropwise addition of chlo-

rodiphenylphosphine (12.4 g, 56 mmol) dissolved in Et2O

(20 mL). The mixture was refluxed for 4 h. The reaction

was cooled in ice-water bath and quenched with saturated

NaHCO3 solution (*40 mL). The organic layer was sep-

arated and the aqueous layer was extracted with Et2O. The

combined organic layers were washed with water and dried

over anhydrous Na2SO4. The solution was filtered and

evaporated under reduced pressure. The residue was puri-

fied by flash column chromatography to afford (Rc, Sp)-

PPFA 6.9 g. Yield: 56%, orange crystal.

Preparation of DPFEB

The preparation of DPFEB is shown in Scheme 2 [25]. A

mixture of (Rc, Sp)-PPFA (4.41 g, 10 mmol) and benz-

imidazole (5.8 g, 50 mmol) in 50 mL degassed glacial

AcOH was stirred at 353 K for 8 h. The reaction mixture

was quenched with an excess saturated NaHCO3 solution

and extracted with CH2Cl2 (50 mL 9 3). The combined

organic extracts were washed with brine and dried over

anhydrous Na2SO4, filtered, and evaporated under reduced

pressure. The crude product was purified by flash column

chromatography and then recrystallized from n-hexane/

CH2Cl2 solution to afford DPFEB. Yield: 93%, orange

crystal. The crystal products were grinded and dried in

vacuum at 323 K for 24 h before TMDSC and TG

experiments were performed.

X-ray crystallography

Suitable crystals of DPFEB were obtained by re-crystal-

lizing it from n-hexane/CH2Cl2 solution. The diffraction

data were measured on a Bruker Smart APEXII CCD area-

detector diffractometer with Mo Ka radiation (k =

Fe

NMe2
n-BuLi

Et2O, 298–300 K 

ClPPh2

Et2O, reflux
Fe

NMe2
PPh2

(R)-Ugi's amine (R  ,c Sp)-PPFA

Scheme 1 Preparation

of (Rc, Sp)-PPFA

Fe
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N N
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Scheme 2 Preparation
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0.71073 Å) using x and u scan mode within the range of

2.22 \ h\ 24.23 at 273(2) K. The crystal size was

0.52 9 0.46 9 0.38 mm. Of 5804 measured reflections,

4578 observed reflections with I [ 2r (I) were used in the

refinement. The structure was solved by direct methods

using SHELXS program of the SHELXL-97 package and

refined with full-matrix least-squares refinements based on

F2 using SHELXL [26]. All non-H atoms were located

using subsequent Fourier-difference methods and all the

hydrogen atoms were placed in the geometrically calcu-

lated positions in the riding model. Crystallographic data

and refinement parameters of the crystal are summarized in

Table 1. Selected bond distances are given in Table 2.

Heat capacity measurement

Heat capacity measurements were carried out on a DSC

Q1000 (T-zero DSC-technology, TA Instruments Inc., USA).

A mechanical cooling system was used for the experimental

measurement. Dry high purity (99.999%) nitrogen gas was

applied as purge gas (50 mL min-1). The instrument was

initially calibrated in the standard DSC mode, using the

extrapolated onset temperatures of the melting of indium

(429.75 K) at a heating rate of 10 K min-1 and the heat of

fusion of indium (28.45 J g-1). The heat capacity calibration

was made by running a standard sapphire (a-Al2O3) mea-

surement at the experimental temperature. The calibration

method and the experiment were performed at the same

conditions as follows: (1) sampling interval: 1.00 s/pt; (2)

zero heat flow at 253.15 K; (3) equilibrate at 193.15 K; (4)

modulate temperature amplitude of ±0.5 K with period of

100 s; (5) isothermal for 5.00 min; and (6) temperature ramp

at 10 K min-1 to 530 K. The constants of heat capacity for

the TMDSC: Ktotal = 1.024; Kreversible = 1.019. The masses

of the reference and sample pans with lids were measured to

be 48 ± 0.02 mg. Samples were crimped in non-hermetic

aluminum pans with lids. Sample mass was weighed on a

METTLER TOLEDO electrobalance (AB135-S, Classic)

with an accuracy of (±0.01 mg) and different samples were

used in each measurement.

Thermal analysis

Thermogravimetric analysis (TG) was carried out on Cahn

Thermax 500 from 300 to 1173 K. The heating rate was

10 K min-1 and the flow rate of N2 was 100 mL min-1.

The sample mass of DPFEB was 97.33 mg. The TG

equipment was calibrated by CaC2O4�H2O (99.9%).

Results and discussions

Crystal structure

The molecule structure of DPFEB is depicted in Fig. 1. It

can be seen from Table 2 that the C–C bond lengths of

Table 1 Crystal data and structure refinement parameters for DPFEB

Empirical formula C31H28FeN2P

Formula weight 515.37

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

a/Å 11.457(3)

b/Å 14.637(4)

c/Å 15.338(4)

V/Å-3 2572.2(12)

Z 4

Dc/Mg m-3 1.331

F (000) 1076

Absorption coefficient/mm-1 0.671

Limiting indices -5 B h B 14, -17 B k B 19,

-20 B l B 19

Goodness-of-fit on F2 1.020

Rint 0.049

R1, wR2 (I [ 2r (I)) 0.0321, 0.0668

R1, wR2 (all data) 0.0582, 0.0716

Largest diff. peak and hole/e Å-3 0.207 and -0.256

Table 2 Selected bond lengths (Å) for DPFEB

Fe1–C1 2.034(3) Fe1–C8 2.031(2) C1–C5 1.398(4)

Fe1–C2 2.033(2) Fe1–C9 2.0453(19) C6–C7 1.404(3)

Fe1–C3 2.039(2) Fe1–C10 2.047(2) C7–C8 1.428(3)

Fe1–C4 2.045(3) C1–C2 1.406(4) C8–C9 1.448(3)

Fe1–C5 2.050(3) C2–C3 1.410(4) C9–C10 1.428(3)

Fe1–C6 2.051(2) C3–C4 1.394(4) C6–C10 1.423(3)

Fe1–C7 2.042(2) C4–C5 1.401(4)

C(30)
C(31)

C(29)

N(1)

N(2)

C(28)
C(27)
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Fig. 1 The molecule structure of DPFEB
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unsubstituted cyclopentadienyl ring are in the range of

1.394–1.410 Å while that of substituted cyclopentadienyl

ring are in the range of 1.404–1.448 Å. The C–C bonds of

substituted cyclopentadienyl ring become longer due to the

effect of the substituent. The bond length of C8–C9 is

1.448 Å as both atoms are substituted. These results indi-

cate that the ferrocene skeleton is slightly distorted. There

is no hydrogen bond existed in the structure. The DPFEB is

packed to form three dimensional crystals under the effect

of Van der Waals force. Due to the numerous aromatic

rings existed in the structure, the crystal is further stabi-

lized by p–p interactions.

Heat capacity of DPFEB

The reproducibility and accuracy of the TMDSC (Q1000)

were assessed by measuring the heat capacity of standard

sapphire (a-Al2O3). The assessments were reported in our

previous studies [23, 24]. The results indicated that the

Table 3 The data of three reduplicate DSC experiments for DPFEB

T/K Cp (exp)/J K-1 g-1 Standard deviation T/K Cp (exp)/J K-1 g-1 Standard

deviation
1 2 3 Average 1 2 3 Average

200 1.5264 1.5452 1.2902 1.4539 0.142 365 2.2989 2.3463 2.2064 2.2839 0.071

205 1.5312 1.5474 1.324 1.4675 0.125 370 2.3233 2.3711 2.2305 2.3083 0.072

210 1.5521 1.5681 1.3657 1.4953 0.112 375 2.3376 2.3884 2.2481 2.3247 0.071

215 1.5744 1.5916 1.4064 1.5241 0.102 380 2.3591 2.4117 2.2716 2.3475 0.071

220 1.5957 1.6156 1.4401 1.5505 0.096 385 2.3788 2.4356 2.294 2.3694 0.071

225 1.6164 1.6394 1.4706 1.5755 0.092 390 2.4013 2.4593 2.3181 2.3929 0.071

230 1.64 1.6679 1.4997 1.6025 0.09 395 2.4212 2.4866 2.3421 2.4166 0.072

235 1.6624 1.6971 1.528 1.6292 0.089 400 2.4417 2.5095 2.367 2.4394 0.071

240 1.6827 1.7249 1.5557 1.6544 0.088 405 2.4634 2.5319 2.391 2.4621 0.07

245 1.7053 1.7554 1.5829 1.6812 0.089 410 2.4816 2.5601 2.4155 2.4857 0.072

250 1.7294 1.7856 1.6131 1.7094 0.088 415 2.503 2.5816 2.4401 2.5082 0.071

255 1.7545 1.8076 1.6413 1.7345 0.085 420 2.5232 2.6075 2.4624 2.5311 0.073

260 1.7729 1.8249 1.6688 1.7555 0.079 425 2.5452 2.6337 2.4901 2.5563 0.072

265 1.7944 1.8451 1.6995 1.7797 0.074 430 2.5712 2.6646 2.5194 2.585 0.074

270 1.8227 1.8672 1.7266 1.8055 0.072 435 2.5998 2.697 2.5492 2.6153 0.075

275 1.8517 1.893 1.7569 1.8339 0.07 440 2.6293 2.7303 2.5844 2.648 0.075

280 1.8809 1.9214 1.7854 1.8626 0.07 445 2.6691 2.7769 2.6298 2.6919 0.076

285 1.9125 1.9492 1.8143 1.892 0.07 450 Phase transition region

290 1.9403 1.9763 1.8414 1.9193 0.07 455

295 1.9688 2.0024 1.8683 1.9465 0.07 460

298.15 1.9867 2.0197 1.8855 1.964 0.07 465

300 1.9948 2.0277 1.8954 1.9726 0.069 470

305 2.0227 2.0554 1.9243 2.0008 0.068 475

310 2.0478 2.0834 1.9528 2.028 0.067 480 3.0046 3.1336 2.9737 3.0373 0.085

315 2.0735 2.106 1.978 2.0525 0.067 485 3.0142 3.1431 2.9788 3.0453 0.086

320 2.0981 2.1332 2.0031 2.0782 0.067 490 3.0289 3.2036 2.99 3.0742 0.114

325 2.1234 2.1612 2.0275 2.104 0.069 495 3.0502 3.2043 3.0051 3.0865 0.104

330 2.1453 2.1861 2.0518 2.1277 0.069 500 3.0667 3.217 3.0248 3.1028 0.101

335 2.1697 2.2107 2.0751 2.1518 0.07 505 3.0887 3.2368 3.0362 3.1206 0.104

340 2.1929 2.2322 2.0974 2.1742 0.069 510 3.1088 3.2504 3.0529 3.1374 0.102

345 2.216 2.2566 2.121 2.1979 0.07 515 3.1272 3.2665 3.0675 3.1537 0.102

350 2.2355 2.2787 2.1424 2.2189 0.07 520 3.1481 3.2856 3.0831 3.1723 0.103

355 2.2574 2.301 2.1613 2.2399 0.071 525 3.1693 3.3104 3.1037 3.1945 0.106

360 2.279 2.3229 2.1835 2.2618 0.071 530 3.1909 3.331 3.1296 3.2171 0.103
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testing system of TMDSC was steady and the measurement

result was reliable.

The heat capacity data of DPFEB obtained through three

duplicated experiments and the experimental standard

deviation are given in Table 3. Experimental standard

deviations below 0.14 are obtained and show reason-

ably good reproducibility in the temperature range of

200–530 K. The experimental molar heat capacity of

DPFEB obtained based on the data listed in Table 3 is

shown in Fig. 2. It can be seen that there is only one thermal

anomaly existed in the temperature range of 450–475 K.

The thermal anomaly is caused by the solid–liquid phase

transition of DPFEB. In the temperature range of

200–445 K and 480–530 K, the heat capacity of DPFEB

increases monotonically in a smooth and continuous man-

ner, indicating that DPFEB is stable in the corresponding

temperature range. It is known that molecules of a material

in liquid are freer than in solid state. As a result, the Cp of

liquid would be larger than that of solid. This phenomenon

has been exhibited in our previous study [27–30] and Fig. 2

shows the phenomenon obviously.

The molar heat capacity of DPFEB is fitted to the fol-

lowing polynomial equations by means of nonlinear least

square fitting through the OriginPro 8 software:

For the solid phase over the temperature range of

200–445 K:

Cp;m ¼ 1076:43þ 316:12X � 60:06X2 � 33:71X3

þ 49:42X4 þ 36:94X5; ð1Þ

where X = (T - 322.5)/122.5, and T is the experimen-

tal temperature, 322.5 is obtained from polynomial

(Tmax ? Tmin)/2, and 122.5 is obtained from polynomial

(Tmax - Tmin)/2. Tmax is the upper limit (445 K) of the

above temperature region and Tmin is the lower limit

(200 K) of the above temperature region. The correlation

coefficient of the fitting is R2 = 0.99993.

For the liquid phase over the temperature of 480–530 K:

Cp;m ¼ 1608:35þ 39:43X � 1:93X2 þ 19:11X3

þ 4:92X4 � 11:99X5; ð2Þ

where X = (T - 505)/25, and T is the experimental tem-

perature, 505 is obtained from polynomial (Tmax ? Tmin)/2,

and 25 is obtained from polynomial (Tmax - Tmin)/2. Tmax

is the upper limit (530 K) of the above temperature region

and Tmin is the lower limit (480 K) of the above tempera-

ture region. The correlation coefficient of the fitting is

R2 = 0.99657. The data of experimental and simulated

molar heat capacities are listed in Table 4.

Thermodynamic functions of DPFEB

The phase transition molar enthalpy DHm of DPFEB can be

obtained by the integration of Cp–T curve from 450 to

480 K. The entropy DSm of the phase transition of DPFEB

can be derived according to the following equation:

DSm ¼ DHm=Tm
ð3Þ

where Tm is the peak temperature of the curve. The values

of the Tm, DHm, and DSm of the phase transition of DPFEB

are determined to be 462.98 K, 35.76 kJ mol-1, and

77.23 J mol-1 K-1, respectively.

Enthalpy and entropy are important basic thermody-

namic function of substances. Based on the polynomials of

molar heat capacity and the thermodynamic relationships,

the [HT - H298.15] and [ST - S298.15] of DPFEB are cal-

culated over the experimental temperature range with an

interval of 5 K relative to the temperature of 298.15 K. The

thermodynamic relationships are as follows:

Before melting:

HT � H298:15 ¼
ZT

298:15

Cp;mðsÞdT ð4Þ

ST � S298:15 ¼
ZT

298:15

Cp;mðsÞ
T

dT : ð5Þ

After melting:

HT � H298:15 ¼
ZTi

298:15

Cp;mðsÞdT þ DfusHm þ
ZT

Tf

Cp;mðlÞdT

ð6Þ

200
500

1000

C
p,

m
/J

 K
–1

 m
ol

–1

1500

2000

2500

3000

3500

4000

250 300 350 400
T/K

450 500

Fig. 2 The molar heat capacity of DPFEB as a function of

temperature
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ST � S298:15 ¼
ZTi

298:15

Cp;mðsÞ
T

dT þ DfusSm þ
ZT

Tf

Cp;mðlÞ
T

dT ;

ð7Þ

where Ti is the temperature at which the melting

started and Tf is the temperature at which the melting

ended. The calculated thermodynamic functions [HT -

H298.15] and [ST - S298.15] of DPFEB are shown in

Table 5.

TG analysis

The TG and DTG curves of DPFEB are shown in Fig. 3. It

can be seen that DPFEB started to pyrolysis at the tem-

perature of 530 K, followed by a three step thermal

decomposition. The first and the second steps of weight

loss take place over the temperature range of 530–880 K. It

seems that these two steps are partially overlapped, with a

total weight loss of about 68.4%. The third step of thermal

decomposition take place over the temperature range of

Table 4 The experimental and simulated molar heat capacities of DPFEB

T/K Cp,m (exp)/J K-1 mol-1 Cp,m (fit)/J K-1 mol-1 RD% T/K Cp,m (exp)/J K-1 mol-1 Cp,m (fit)/J K-1 mol-1 RD%

200 749.32 746.46 -0.38 365 1177.05 1178.37 0.11

205 756.33 759.54 0.42 370 1189.62 1189.46 -0.013

210 770.62 772.60 0.26 375 1198.09 1200.41 0.19

215 785.49 785.64 0.018 380 1209.82 1211.33 0.12

220 799.08 798.68 -0.050 385 1221.14 1222.24 0.090

225 811.95 811.81 -0.017 390 1233.23 1233.16 -0.0054

230 825.90 825.01 -0.11 395 1245.46 1244.23 -0.099

235 839.61 838.29 -0.16 400 1257.20 1255.51 -0.13

240 852.65 851.63 -0.12 405 1268.90 1267.08 -0.14

245 866.43 865.11 -0.15 410 1281.07 1279.05 -0.16

250 880.97 878.69 -0.26 415 1292.67 1291.50 -0.090

255 893.89 892.30 -0.18 420 1304.43 1304.62 0.015

260 904.75 906.05 0.14 425 1317.46 1318.53 0.081

265 917.20 919.87 0.29 430 1332.25 1333.32 0.080

270 930.49 933.69 0.34 435 1347.87 1349.25 0.10

275 945.12 947.57 0.26 440 1364.71 1366.46 0.13

280 959.92 961.46 0.16 445 1387.34 1385.13 -0.16

285 975.07 975.34 0.028 450 Phase transition region

290 989.16 989.14 -0.0024 455

295 1003.17 1002.92 -0.026 460

298.15 1012.17 1011.55 -0.061 465

300 1016.64 1016.60 -0.0040 470

305 1031.16 1030.18 -0.096 475

310 1045.17 1043.57 -0.15 480 1565.33 1564.79 -0.035

315 1057.80 1056.86 -0.088 485 1569.48 1571.73 0.14

320 1071.02 1069.97 -0.098 490 1584.34 1581.43 -0.18

325 1084.35 1082.84 -0.14 495 1590.71 1591.28 0.036

330 1096.57 1095.55 -0.094 500 1599.11 1600.23 0.070

335 1108.98 1108.04 -0.084 505 1608.24 1608.36 0.0073

340 1120.50 1120.31 -0.017 510 1616.91 1616.33 -0.036

345 1132.72 1132.31 -0.036 515 1625.35 1625.02 -0.020

350 1143.54 1144.14 0.053 520 1634.89 1635.15 0.016

355 1154.38 1155.75 0.12 525 1646.34 1646.53 0.012

360 1165.68 1167.13 0.12 530 1658.01 1657.90 -0.0068
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1000–1120 K with the weight loss of about 2.9%. When it

was heated in nitrogen atmosphere, DPFEB experienced a

process of carbonization and incineration, so that the res-

idue should be composed of carbon and iron phosphine

[31].

Conclusions

In general, a new potential enantioselective catalyst derived

from ferrocene, DPFEB, was prepared through a two step

procedure from (R)-Ugi’s amine. The absolute structure was

characterized by means of single crystal X-ray diffraction.

The molar heat capacity of DPFEB was measured by means

of TMDSC over the temperature range of 200–530 K. There

was a solid–liquid phase transition occurred from 450 to

475 K with the DHm of 35.76 kJ mol-1. The thermodynamic

functions of [HT - H298.15] and [ST - S298.15] were calcu-

lated based on the heat capacity data. Further more, ther-

mogravimetry experiment revealed that DPFEB exhibited a

three steps thermal decomposition process with the final

residual of 28.7% in nitrogen atmosphere.
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oratory of Materials Protection for Electric Power and Transportation

Table 5 Calculated thermodynamic function data of DPFEB

T/K HT - H198.15/

kJ mol-1
ST - S298.15/

J K-1 mol-1
T/K HT - H198.15/

kJ mol-1
ST - S298.15/

J K-1 mol-1
T/K HT - H198.15/

kJ mol-1
ST - S298.15/

J K-1 mol-1

200 -86.1 -346.75 310 12.17 40.03 425 148.14 410.86

205 -82.34 -328.19 315 17.43 56.86 430 154.75 426.33

210 -78.51 -309.71 320 22.75 73.62 435 161.46 441.84

215 -74.61 -291.38 325 28.12 90.27 440 168.26 457.37

220 -70.66 -273.2 330 33.57 106.91 445 175.13 472.91

225 -66.63 -255.08 335 39.09 123.5 450 Phase transition region

230 -62.53 -237.08 340 44.66 140.02 455

235 -58.37 -219.18 345 50.28 156.43 460

240 -54.16 -201.43 350 55.98 172.82 465

245 -49.86 -183.72 355 61.73 189.15 470

250 -45.5 -166.09 360 67.53 205.36 475

255 -41.08 -148.6 365 73.4 221.55 480 210.89 550.14

260 -36.58 -131.13 370 79.32 237.67 485 218.72 566.39

265 -32.01 -113.72 375 85.28 253.67 490 226.59 582.56

270 -27.39 -96.43 380 91.32 269.66 495 234.52 598.66

275 -22.68 -79.16 385 97.41 285.59 500 242.49 614.7

280 -17.91 -61.95 390 103.54 301.39 505 250.54 630.67

285 -13.06 -44.79 395 109.73 317.18 510 258.61 646.55

290 -8.16 -27.75 400 115.99 332.92 515 266.68 662.36

295 -3.17 -10.7 405 122.3 348.59 520 274.85 678.11

298.15 0 0 410 128.67 364.23 525 283.05 693.81

300 1.88 6.28 415 135.08 379.77 530 291.32 709.47

305 7 23.21 420 141.57 395.33
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Fig. 3 TG and DTG curves of DPFEB in nitrogen
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