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Abstract A novel metal organic framework [Co (BTC);/3
(DMF) (HCOO)], (CoMOF, BTC = 1,3,5-benzene tri-
carboxylate, DMF = N,N-dimethylformamide) has been
synthesized solvothermally and characterized by single
crystal X-ray diffraction, X-ray powder diffraction, and FT-
IR spectra. The molar heat capacity of the compound was
measured by modulated differential scanning calorimetry
(MDSC) over the temperature range from 198 to 418 K for
the first time. The thermodynamic parameters such as
entropy and enthalpy versus 298.15 K based on the above
molar heat capacity were calculated. Moreover, a four-step
sequential thermal decomposition mechanism for the
CoMOF was investigated through the thermogravimetry and
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mass spectrometer analysis (TG-DTG-MS) from 300 to
800 K. The apparent activation energy of the first decom-
position step of the compound was calculated by the Kis-
singer method using experimental data of TG analysis.
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Introduction

Permanently porous metal-organic framework (MOF)
materials are of tremendous current interest because of
both their well-defined, low-density structures and their
enormous potential in applications such as gas storage [1—
4], catalysis [5], and separations [6]. The ability to syn-
thesize MOFs with various organic linkers and metal joints
provides great flexibility in tailoring the porous material to
have specific physical characteristics and chemical func-
tionalities. Furthermore, polynuclear cobalt complexes
have been the subject of intensive study owing to their
formation of diverse innovative structural networks,
including chains, sheets, and matrices. There is also evi-
dence that Cobalt complexes in polymer matrices show
relatively interesting chemical and catalytic reactivity
toward various small gas molecules [7].

Heat capacity is one of the most fundamental thermo-
dynamic properties of substances in chemistry and engi-
neering. Modulated differential scanning calorimetry
(MDSC) is one of the easier and more accurate methods for
determining heat capacity, and this method has been
greatly developed for directly determining heat capacities
for various materials isothermally and non-isothermally
[8-13].
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In this study, we reported one novel cobalt metal organic
framework [Co (BTC);;3 (DMF) (HCOO)], (CoMOF,
BTC = 1,3,5-benzene tricarboxylate, DMF = N,N-dimeth-
ylformamide). The molar heat capacity of the compound was
measured by MDSC from 198 to 418 K, and the thermody-
namic parameters such as entropy and enthalpy were also
calculated. The thermal decomposition characteristics of this
compound were investigated by TG-DTG-MS techniques at
the temperature range from 300 to 800 K.

Experimental

All materials were commercially available and were of
analytical grade unless stated elsewhere.

Sample preparation

[Co (BTC),;3 (DMF) (HCOO)], was prepared by solvo-
thermal reaction. Co(NOs3),-6H,O (0.87 g, 3 mmol) and
H;BTC (0.42 g, 2 mmol) were dissolved in DMF/H,0 (2:1
by volume, 24 mL). Then, the mixture was sealed in a 50-
mL Teflon-lined stainless steel autoclave and heated at
120 °C for 48 h, then cooled naturally to room tempera-
ture. The resulting purple block-shaped crystals were iso-
lated by filtration and washed thoroughly with DMF, and
finally dried at 50 °C overnight. Yield: 56%, based on Co.

Characterization

The single crystal X-ray diffraction intensities were col-
lected over a SMART APEX II-CCD diffractometer
equipped with a fine-focus sealed tube with graphite
monochromated MoK, (4 = 0.71073 /f\) radiation source
at 293 K. The structures were solved by direct methods and
refined by full-matrix least-squares method implemented in
SHELXTL-97 [14]. All the non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were added theo-
retically. FT-IR spectra were recorded on a Nicolet 380
FT-IR spectrometer using KBr pellet in the wavelength
range of 4,000-400 cm ™l

Crystal data for the compound were as follows: trigonal
system, P-3 (147), a=13.9694), b = 13.969(4),
¢ = 8.096(5), « =90.00, f=90.00, y= 120.00, final
R, = 0.0506, and wR, = 0.1507. Figure 1 shows the
X-ray crystal structure of the compound along the ¢ axis.
The molar mass of the compound is 246.08.

Elemental analysis (%) calculated for this compound: C
34.36, H 3.52, N 5.62; found: C 34.17, H 3.69, N 5.69.

FT-IR: 3,040-3,650 cm™', v(O-H); 2,938 cm ™', v,
(C-H); 2,880 cm™!, v(C-H); 1,450-1,600 cm~ !, v(aro-
matic C=C); 1,627 cm ™, v,,(CO0); 1,382 cm ™!, v(COO).
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Fig. 1 X-ray crystal structure of CoMOF along the ¢ axis. All
hydrogen atoms are omitted for clarity

Heat capacity measurement

Heat capacity measurements were performed on DSC
Q1000 (T-zero DSC-technology, TA Instruments Inc.,
USA) with a heating rate of 10 K min~'. Dry high purity
nitrogen (99.999%) was used as purge gas at a flow rate of
50 mL min~" through the DSC cell. And a mechanical
cooling system was used for the experimental measure-
ment. The temperature scale of the instrument was initially
calibrated in the standard DSC mode, using the extrapo-
lated onset temperatures of the melting of indium
(429.75 K) as described in our previous articles [11-13].
The energy scale was calibrated with the heat of fusion of
indium (28.45J g~'). The heat capacity calibration was
made by running a standard sapphire (Al,O3) at the
experimental temperature. The accuracy of MDSC is
established by comparing the measured heat capacity of
standard sapphire with previously reported values [15]. 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
133.15 K; (4) modulate temperature amplitude of £0.5 K
with period of 100 s; (5) isothermal for 5 min; (6) tem-
perature ramp at 5 K min~' to 453 K. The constants of
heat capacity for the MDSC: Ko = 1.024; Kieversible =
1.019.

The masses of the reference and sample pans with lids
were measured to be within 30 4+ 0.05 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).
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Thermal analysis Table 1 The data of three reduplicate experiments for COMOF

. . T/K  Cpm(exp)/] K! 5(l Standard deviation/
A thermogravimetric analyzer (Model: Setsys 16/18, TK'g™!
SETARAM Co., France) was used for TG measurement of Test 1~ Test2 Test3  Average

this compound under air atmosphere from 300 to 800 K. 198 0.8415 0.8417 0.8241 0.8358 0.010
Several experiments were carried out at the heating rates of 533 8624 08627 08415 08555 0012
p =10,12.5,15,17.5,20 K min_l, and the flow rate of air 208 08768 08777 08544 0.8696 0.013
was 45 mL min~". The mass of the compound was about 213 08907 0.8906 0.8659 0.8824  0.014
10 mg. The TG equipment was calibrated by the CaC,QOy4- 218 0.9036 09042 08779 08952 0015
H,O (99.9%). Mass spectra (MS) were performed on a
Multicomponent Online Gas Analyzer GAM 200.

223 09172 0.9177 0.8909  0.9086 0.015
228 0.9327 0.9335 0.9040 0.9234 0.017
233 0.9478 0.9486 0.9173  0.9379 0.018
238 0.9617 0.9630 0.9301 0.9516 0.018
243 09778 09792 09448 0.9673 0.019
248  0.9946 0.9957 0.9589  0.9831 0.021
253 1.009 1.010 0.9727  0.9972 0.021
258 1.015 1.015 0.9845  1.005 0.018
263 1.019 1.022 0.9977 1.013 0.013
268 1.032 1.035 1.011 1.026 0.013
273 1.046 1.048 1.025 1.040 0.013
278 1.060 1.062 1.039 1.054 0.013
283  1.075 1.074 1.054 1.068 0.012
288  1.087 1.087 1.068 1.081 0.011
293 1.100 1.101 1.081 1.094 0.011

Results and discussion
Heat capacity

Three reduplicate experiments (test 1, test 2, and test 3), the
average, and the standard deviation of this compound are
given in Table 1, and the mass of the compound in
the reduplicate experiments are 6.92, 7.02, and 7.23 mg.
The experimental standard deviations are below
0.021 TK™' g7', and this show reasonably good repro-
ducibility in the experimental temperature range from 198
to 418 K. The experimental molar heat capacities curve of
the compound versus temperature is shown in Fig. 2. The 298 L1l4 1113 1097 1108 0.0095
heat capacity of the sample increases continuously with the 303 1126 1126 1109 1120 0.0098
increasing temperature from 198 to 418 K. No phase 308 1138 1139 1122 1133 0.0095

transition or thermal anomaly was observed in the experi- 313 1149 1150 LI35 1145 0.0084
mental temperature range. This indicates that the sample is 318 1.162 1.162  1.153 1159 0.0052
stable in this temperature region. 323 1.174 1.174 1.171 1.173 0.0017

The experimental and calculated molar heat capacities 328 1.186  1.188 1184  1.186 0.0020
data are listed in Table 2. The molar heat capacities of the ~ 333 1.198  1.199 1199  1.199 0.00058
sample are fitted to the following polynomial equation of ~ 338 1206 1208 1212  1.209 0.0031
heat capacities (Cp,,) with reduced temperature (X) by 343 1216 1218 1223 1219 0.0036
means of the least square fitting: 348 1226 1.228  1.234  1.229 0.0042

From T = (198-418) K 353 1.238 1.241 1.246 1.242 0.0040
Cp,m [J mol~! Kil} — 279.0 + 67.11X — 7.012X2 358  1.249 1.253 1.257 1.253 0.0040

— 0.9069X3 + 1.081x* 363 1.261 1.266 1.269 1.265 0.0040
368 1.274 1.276 1.282 1.277 0.0042
(1) 373 1.281 1.285 1.290 1.285 0.0045

where X = (T — 308)/110, and T is the experimental 378 1289 ~ 1.294 1298 1294 0.0045
temperature, 308 is obtained from polynomial (T + 383 129 1303 1306  1.302 0.0051
Tin)/2, 110 is obtained from polynomial (Tpax — Tomin)/2, 388 1306 1311 1316 1.311 0.0050
Timax is the upper limit (418 K) of the above temperature ~ 393 1.318  1.323 1328  1.323 0.0050
region, T, is the lower limit (198 K) of the above 398 1330 1334 1339 1334 0.0045
temperature region. The correlation coefficient of the 403 1342 1.346 1353  1.347 0.0056
fitting, R* = 0.99965. The relative deviations of all the 408 1354 1360 1366  1.360 0.0060
experimental points from the fitting heat capacity values are ~ 413 1366  1.371 1377 1371 0.0055
within £0.44% in Table 2. Relative deviations have been =~ 418 1.376  1.381 1.389  1.382 0.0066
calculated by the following equation:
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Fig. 2 Molar heat capacities (C},;,) of CoMOF as a function of
temperature

RD (%) = 100[Cym(exp) — Cpm(fit)]/Cpm(fit)  (2)

where C, n(exp) is the experimental molar heat capacity
and C,(fit) is the calculated heat capacity. Based on
Eq. 1, the heat capacity of the compound at 298.15 K was
calculated to be 272.9 J mol ™' K™

Thermodynamic functions

Enthalpy and entropy of substances are basic thermody-
namic functions. Through the polynomial representing heat
capacity and the relationship between thermodynamic
functions and heat capacity, the thermodynamic functions
relative to the reference temperature of 298.15 K of this
compound were calculated from 198 to 418 K with an
interval of 5 K. The thermodynamic relationships are as
follows:

T

Hr — Hys.15 = / CpmdT (3)
298.15
T

St — Sa98.15 = / (Cpm/T)dT. (4)
298.15

The calculated thermodynamic functions [Hy — Hog.15]
and [S7 — S»og.15] are listed in Table 3. It can be seen that
both of the thermodynamic functions [Hr — Hyog.15] and
[S7 — Sz0g.15] of the compound increase with increasing
temperature in a continuous manner in the temperature
range from 198 to 418 K.

Table 2 The experimental and calculated molar heat capacities of CoOMOF

T/K Cp.m(exp)/ Com(fit)/ RD/% T/IK Com(exp)/ Com(fit)/ RD/%
J K" mol™! J K" mol™! J K" mol™! J K" mol™!

198 206.67 206.87 —0.10 313 281.68 282.04 —0.13
203 210.53 210.24 0.14 318 285.21 285.04 0.058
208 214.00 213.62 0.18 323 288.65 288.02 0.22
213 217.14 217.00 0.066 328 291.85 290.97 0.30
218 220.30 220.38 —0.036 333 294.97 293.88 0.37
223 223.59 223.76 —0.076 338 297.43 296.77 0.22
228 227.23 227.14 0.042 343 299.97 299.63 0.12
233 230.80 230.50 0.13 348 302.51 302.45 0.021
238 234.17 233.87 0.13 353 305.55 305.25 0.098
243 238.02 237.21 0.34 358 308.34 308.02 0.10
248 240.91 240.55 0.15 363 311.37 310.76 0.20
253 243.40 243.87 0.19 368 314.33 313.47 0.27
258 247.27 247.18 0.037 373 316.30 316.15 0.045
263 250.25 250.46 —0.084 378 318.35 318.81 —-0.15
268 253.48 253.73 —0.10 383 320.31 321.44 —0.35
273 256.84 256.98 —0.053 388 322.61 324.05 —0.44
278 259.29 260.20 —0.35 393 325.56 326.64 —0.33
283 262.73 263.40 —0.25 398 328.35 329.20 —0.26
288 265.93 266.57 —0.24 403 331.47 331.75 —0.083
293 269.21 269.72 —0.19 408 334.67 334.21 0.12
298 272.66 272.84 —0.068 413 337.46 336.78 0.20
303 275.69 275.94 —0.088 418 340.08 339.27 0.24
308 278.81 279.00 —0.069
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Table 3 Calculated thermodynamic function data of CoMOF

T/K HT - H298.15/ ST - 5298.I5/ T/K HT - H298.15/ ST - S298,15/
kJ mol ™! JK™!' mol™! kJ mol ™! JK™' mol™!
198 —24.07 —97.46 308 2718 8.966
203 —23.03 —92.27 313 4.121 13.48
208 —21.97 —87.11 318 5.539 17.97
213 —20.89 —82.00 323 6.971 22 .44
218 —19.80 —76.92 328 8.419 26.89
223 —18.69 —71.89 333 9.881 31.31
228 —17.56 —66.88 338 11.36 35.71
233 —16.42 —61.92 343 12.85 40.09
238 —15.26 —56.99 348 14.35 44.45
243 —14.08 —52.09 353 15.87 48.78
248 —12.89 —47.22 358 17.41 53.10
253 —11.67 —42.38 363 18.95 57.39
258 —10.45 —37.58 368 20.51 61.66
263 —9.202 —32.80 373 22.09 65.91
268 —7.942 —28.06 378 23.68 70.14
273 —6.665 —23.34 383 25.26 74.35
278 —5.372 —18.64 388 26.89 78.53
283 —4.063 —13.98 393 28.52 82.70
288 —2.738 —9.339 398 30.16 86.85
293 —1.397 —4.726 403 31.81 90.97
298 —0.04093 —0.1373 408 33.47 95.08
298.15 0 0 413 35.15 99.16
303 1.331 4.427 418 36.84 103.2

TG-DTG-MS results

The TG-DTG-MS curves (Fig. 3) of this compound show
that a four-stage mass loss occurs in the temperature range
from 442 to 675 K. The first mass loss starts at 442 K and
is about 14.7% (calculated 14.1%) likely due to the loss of
one-sixth molecule of DMF and a half of HCOO. The MS
curve shows that the gas degradation products are mainly
H,0 (m/z = 18), CO (m/z = 28), and NO (m/z = 30). The
second stage takes place between 514 and 553 K and is
accompanied by 9.0% mass loss, and it is attributed to the
loss of one-fourth of HCOO and one-sixth of DMF (cal-
culated 9.5%). The gas products of the stage are mainly
H,0 (m/z = 18), CO (m/z = 28), and NO (m/z = 30). The
third mass loss is 14.5% (from 553 to 592 K) and due to
one-third of DMF and one-fourth of HCOO (calculated
14.4%), with the gas oxidation products are H,O
(m/z = 18), CO, (m/z =44), and NO, (m/z =46) as
shown in MS curve. The last stage is from 592 to 675 K
and about 30.6% mass loss (calculated 31.5%), and which
is decomposed to cobalt oxide, with the gas oxidation
products are H,O (m/z = 18), CO, (m/z = 44), NO
(m/z = 30), and NO, (m/z = 46). The overall mass loss of
the compound is about 68.8% in accord with the calculated

percentage (69.5%). The possible mechanism of the ther-
mal decomposition can be traced as follows:

442-514K
S it N
—1/6DMF—1/2HCOO

514-553K
Co (BTC), /3 (C3H7NO)s/6 (HCOO), /»

Co (BTC), /3 (C3H,NO) (HCOO)

—1/6DMF—1/4HCOO
553-592K

Co (BTC), 3 (C3H7NO),/3 (HCOO) )y ————

—1/3DMF~—1/4HCOO

592—675K

Co (BTC)1/3 (C3H7NO)1/3 CoO.

_
~1/3DMF—C;HO
The CoMOF s stable to 442 K according to the TG curve. The
calculation by SOLV within PLATON indicated that in this
compound, the solvent-accessible volume is approximately
33.7 A3 per unit cell volume (1,368.1 A3), thus representing
2.5% of the total cell volume. Further investigations based on
this compound for other purposes, like hydrogen storage and
gas sensor, are now underway in our group.

Thermal kinetic study for TG analysis

Thermal kinetic parameter for the first-step decomposition
of this CoMOF was analyzed using Kissinger method [16],
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Fig. 3 TG-DTG-MS curves of CoMOF under air atmosphere at
10 K min ™"
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Fig. 4 TG curves of COMOF under air atmosphere at 10, 12.5, 15,
17.5, 20 K min™"

which has been widely applied to estimate the apparent
activation energy. Figure 4 shows the TG curves of the
CoMOF measured in air atmosphere from 300 to 800 K
with the heating rate of 10, 12.5, 15, 17.5, 20 K min~!,
respectively. The basic data (f, T,) taken from the TG
curves are used in the following Kissinger equation:

In(B/T;) = In(AR/E) — E/RT, (5)

where f is the heating rate, T, peak temperature of the
corresponding DTG curves, A pre-exponential factor, R gas

@ Springer
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Fig. 5 Fitting using Kissinger method for the corresponding DTG
curves

constant, and E apparent activation energy. Plot of ln(ﬁ/Tg)
versus 1/7;, should fit to a straight line with a slope of
—E/R. Such plot for the first-step decomposition of the
CoMOF is exhibited in Fig. 5. The E value and A value of
the compound were calculated to be 72.84 kJ mol™' and
1.986 x 107, respectively.

Conclusions

In this study, one novel Cobalt metal organic framework
has been solvothermally synthesized and characterized.
The molar heat capacities of the compound were measured
by MDSC for the first time. The heat capacity of
the compound at 298.15 K was calculated to be
2729 T mol~' K~'. The thermodynamic function data
(enthalpy and entropy) relative to the reference temperature
(298.15 K) were calculated in the temperature range from
198 to 418 K. Moreover, the thermal stability and its
decomposition mechanism of the compound were investi-
gated by TG-DTG-MS analysis. A four-stage mass loss
occurs in the temperature range from 442 to 675 K. With
the decomposition of the framework, the DMF, HCOO,
and BTC are partly and continuously decomposed during
the mass loss stages. The apparent activation energy of the
first decomposition step of the compound was calculated to
be 72.84 kJ mol ™', by the Kissinger method using exper-
imental data of TG analysis.
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