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Abstract In this study for the first time the temperature

dependences of the heat capacity Cp
0 and enthalpies of

physical transitions of carbosilane dendrimers with diun-

decylsilyl and diundecylsiloxane terminal groups of the

fifth generation have been measured using the methods of

precision adiabatic vacuum calorimetry and differential

scanning calorimetry over the range from 6 to 580 K. In

the above temperature ranges the physical transformations

have been detected and their thermodynamic characteris-

tics were estimated and analyzed. The standard thermody-

namic functions: heat capacity Cp
0(T), enthalpy H�(T) - H�(0),

entropy S�(T) - S�(0), and free Gibbs energy G�(T) - H�(0)

and standard entropies of formation of dendrimers at T =

298.15 K have been calculated over the range from

T ? 0 K to 580 K. The thermodynamic properties of

studied dendrimers have been compared.

Keywords Carbosilane dendrimers � Adiabatic vacuum

calorimetry � Differential scanning calorimetry � Glass

transition � Heat capacity � Thermodynamic functions �
Standard thermodynamic functions

Introduction

Dendritic macromolecules have been intensively studied in

the past decade owing to their unique structure and a set of

specific characteristics. The synthesis, modification, phys-

icochemical properties, and possible application areas of

diverse dendrimers and hyperbranched polymers have been

intensively studied [1–5].

At present, particular attention is paid to the charac-

terization of dendrimers since this information is neces-

sary for gaining insight into the structure–properties

relationship for these compounds. The dependence of

different properties of dendrimers, such as the density,

viscosity in solution and bulk, and glass transition tem-

perature, on different parameters of dendritic molecules,

primarily, on the nature of terminal groups, has been

described in the literature [6–8]. So, to the present time

by the methods of precision adiabatic vacuum calorim-

etry and differential scanning calorimetry standard ther-

modynamic properties various dendrimers had been

investigated in a wide range of temperatures [9–15], in

some cases [10–13] their dependences on composition

and structure had been revealed and analyzed. Detection

of the second high-temperature relaxation transformation

for carbosilane dendrimers of high generations became

the result of systematic research [13, 14]. The appearance

of this transition suggests changes in the character of

interactions between dendrimers with an increase in their

generation number. It should be noted that the appear-

ance of the second relaxation transition upon passage

from the fifth to sixth generation coincides with a change

in the aggregation state of dendrimers; that is, dendri-

mers of the first to the fifth (inclusive) generation are

transparent liquids with different viscosities, while from

the sixth generation, they have a waxlike consistency.
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The densification of the surface layer might lead to

formation of the physical network between dendrimers.

The determination of standard thermodynamic charac-

teristics and its analysis are actual and significant for

representatives of new class of macromolecules, i.e.,

dendrimers.

This research is a part of complex investigations of

thermodynamic properties of different homologous series

carbosilane dendrimers. It is interesting to evaluate the

difference in studying dendrimers structure and composi-

tion, notably introduction of siloxane fragment, which

insures more mobility of terminal alkyl groups and to begin

to systematic investigation of the nature. This gradual

variation in the nature of the surface layers enables us to

initiate the systematic study of the nature of the second

(high-temperature) transition in the temperature depen-

dence of heat capacity.

The aim of this study is to calorimetrically study the

temperature dependence of heat capacity of the carbosilane

dendrimers with diundecylsilyl and diundecylsiloxane

terminal groups of fifth generation in the range

6–(550–580) K, determine of glass transition thermody-

namic characteristics and interpret them in terms of phys-

ical chemistry, to calculate the standard thermodynamic

functions Cp
0(T), H�(T) - H�(0), S�(T) - S�(0) and

G�(T) - H�(0) over the temperature range from T ? 0 to

(550–580) K and standard entropies of formation of den-

drimers in amorphous (devitrified) state at T = 298.15 K,

to compare the thermodynamic properties of studied

samples.

Experimental

Samples

Studied in this work samples of the carbosilane dendrimers

with diundecylsilyl and diundecylsiloxane terminal groups

of the fifth generation (gross-formulas Si253C3824H8156,

M = 61255.8 g mol-1, Si381C4080H8924O128, M = 7074

7.5 g mol-1, respectively) were synthesized at N.S. Enik-

olopov Institute of Synthetic Polymer Materials, Russian

Academy of Science by the method described in detail

elsewhere [16].

The structure of samples and the scheme of their syn-

thesis are presented on Fig. 1.

Under normal conditions the dendrimers are transparent

colorless waxy substance. In this study were used samples

cleaned by the methods of preparative gel permeation

chromatography. The composition and structure of studied

samples were confirmed by elemental analysis and meth-

ods of NMR 1H-spectroscopy [a ‘‘Bruker WP-200 SY

spectrometer’’ (200.13 MHz, a standard is tetramethylsil-

ane)] and IR-spectroscopy (a ‘‘Bruker ISF-110’’ device).

The carbosilane dendrimers with diundecylsilyl and di-

undecylsiloxane terminal groups of fifth generation were

marked as I and II, respectively.

Apparatus and measurement procedure

Heat capacity of studied samples was measured over the

range 6–350 K in a BKT-3.0 fully automatic adiabatic
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Fig. 1 Structure of carbosilane

dendrimers with diundecylsilyl

and diundecylsiloxane terminal

groups of the fifth generation

and scheme of their synthesis
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vacuum calorimeter with liquid helium and nitrogen used

as cooling agents. The ampoule with the substance was

filled with dry helium as a heat exchange gas to the pres-

sure of 4 kPa at room temperature. The calorimeter design

and measurement procedure are similar to those reported

elsewhere [17–19]. The reliability of its operation was

tested by measuring the heat capacity of special purity

copper, standard synthetic corundum, and K-3 benzoic acid

prepared at the D.I. Mendeleev All-Russian Institute for

Metrology (VNIIM). It was established by the calibration

that the determination of the heat capacity Cp
0 of substances

was measured with an error not exceeding ±2% at

T = (6–15) K, ±0.5% between 15 and 40 K, and ±0.2%

in the range from 40 to 350 K. The phase transition tem-

peratures are measured within about ±0.01 K and the

enthalpies of transformations with the error of ±0.2%.

An automatic thermoanalytical system operating on the

principle of triple thermal bridge, differential scanning

calorimeter (ADCTTB) [20, 21] was used to study the

temperature dependence of the heat capacity Cp
0 =

f(T) over the temperature range 330–580 K. The reliability

of the calorimeter operation was checked by measuring the

heat capacity of the standard sample of synthetic corun-

dum, special purity copper as well as the thermodynamic

characteristics of fusion of indium, tin, and lead. As a

result, it was found that the calorimeter and the measure-

ment technique allow one to obtain the heat capacity Cp
0

values of the substances with an error of ±2% and the

phase transformation temperatures and enthalpies within to

ca. ±0.5 K and ±1%. Since the heat capacity of the

examined substance was also measured between 330 and

350 K in the adiabatic vacuum calorimeter and the con-

ditions of measurements in the ADCTTB were special

chosen. It should be noted that scanning was obtained by

slow speed of heating and cooling and the infill of the

calorimetric ampoule was close to 100%. These manipu-

lations are allowed determine the results coincidence from

different methods with the permissible error.

Results and discussion

Heat capacity

Experimental values of heat capacity over the range from

6.37 to 549.6 K and 6.50 to 580.4 K and the smoothed

Cp
0 = f(T) plots for I and II, respectively (Tables 1, 2), are

illustrated in Figs. 2 and 3. The masses of I and II samples

located in the calorimetric ampoule of the adiabatic calo-

rimeter were 0.2391 and 0.2250 g and those placed in the

dynamic one were 0.1395 and 0.1586 g, respectively. 279

experimental Cp
0 values were obtained for I and 286 for II

in three series of experiments in BCT. The heat capacity of

Table 1 Experimental data of molar heat capacity of carbosilane

dendrimer of the fifth generation with diundecylsilyl terminal groups/

kJ mol-1 K-1

N/K Cp
0

Series 1

6.37 0.768

6.79 0.838

7.4 0.967

7.86 1.08

8.39 1.24

8.87 1.39

9.58 1.64

10.18 1.87

10.81 2.13

11.4 2.37

11.99 2.63

12.71 2.95

13.54 3.34

14.35 3.72

15.16 4.12

16.05 4.557

16.91 4.994

17.68 5.39

18.02 5.569

18.64 5.895

19.02 6.095

19.49 6.346

21.34 7.352

23.77 8.703

26.22 10.10

28.68 11.51

31.14 12.93

33.61 14.35

36.1 15.67

38.58 16.94

41.07 18.25

43.56 19.60

46.06 20.98

48.55 22.36

53.54 25.02

56.70 26.58

61.20 28.64

60.86 28.49

63.36 29.59

66.90 31.13

67.90 31.57

70.89 32.90

73.80 34.22

75.88 35.17

78.39 36.32

80.90 37.43
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Table 1 continued

N/K Cp
0

83.42 38.46

85.92 39.38

88.43 40.13

Series 2

83.14 38.35

85.15 39.10

86.95 39.67

88.75 39.95

90.54 40.92

92.53 42.33

94.82 43.40

96.32 44.05

99.11 45.14

102.10 46.16

104.51 46.91

106.21 47.41

108.32 48.02

110.21 48.56

112.56 49.26

114.52 49.86

116.23 50.40

118.71 51.22

119.38 51.41

123.34 52.77

126.89 54.20

130.44 55.24

133.99 56.66

137.54 57.66

141.09 58.96

144.64 60.26

148.64 61.29

153.05 62.80

157.46 64.04

161.42 65.68

164.98 67.03

168.53 68.25

172.09 69.67

175.65 70.86

179.21 72.38

187.56 76.28

191.50 78.61

195.05 81.37

198.61 84.29

202.15 89.5

205.69 97.35

209.19 111.1

212.67 130.0

216.15 152.7

Table 1 continued

N/K Cp
0

219.65 175.7

223.06 234.9

226.48 330.8

230.50 119.2

235.07 119.1

238.62 119.6

241.60 120.1

245.15 119.7

247.8 120.0

249.31 120.1

251.10 120.0

252.86 120.2

254.61 120.3

256.35 120.5

258.11 120.4

261.66 120.6

263.49 121.0

265.21 120.6

266.92 120.9

268.66 120.8

270.48 120.9

272.17 121.3

273.85 121.4

275.53 122.0

277.21 121.6

278.89 121.9

280.56 122.2

282.22 122.3

283.87 122.5

285.5 122.4

277.21 121.6

278.89 121.9

280.56 122.2

282.22 122.3

283.87 122.5

285.50 122.4

287.13 122.8

288.77 122.7

290.38 123.2

291.99 123.4

293.61 123.9

295.14 123.7

296.76 123.9

299.3 124.1

302.0 124.4

305.0 125.0

306.86 125.4

308.44 125.7
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Table 1 continued

N/K Cp
0

310.02 125.5

311.57 126.1

313.13 126.2

314.69 126.5

315.85 126.2

317.4 126.8

318.94 127.1

320.49 126.9

322.03 127.3

323.55 127.8

325.07 128.1

326.59 128.2

328.11 128.2

329.59 128.4

331.09 128.4

325.07 128.1

326.59 128.2

335.52 128.8

337.01 128.8

338.48 129.1

339.59 129.5

341.45 129.4

342.91 129.4

344.39 129.7

345.88 129.9

347.35 130.2

348.83 130.1

350.95 130.1

Series 3

331.1 128.6

333.2 128.7

335.2 128.6

337.3 129.0

339.4 129.0

341.4 129.3

342.8 129.7

345.5 129.6

347.6 129.8

349.6 130.4

351.7 130.5

353.8 130.0

355.9 131.0

357.9 130.6

360.0 131.5

362.1 131.3

364.1 132.0

366.2 132.0

368.3 131.7

Table 1 continued

N/K Cp
0

370.3 133.0

372.7 132.5

374.7 132.1

376.5 133.4

378.5 133.3

380.6 134.4

382.7 133.3

384.7 134.5

386.8 133.5

388.9 134.1

390.9 133.7

392.8 134.4

394.8 134.8

396.8 136.2

398.7 135.7

400.6 137.1

402.6 137.9

404.5 136.8

406.4 137.3

408.3 138.3

410.2 139.9

412.1 139.8

413.9 138.7

415.8 140.3

417.6 140.7

419.5 139.9

421.3 141.1

423.1 142.5

424.9 141.3

426.7 142.0

428.5 142.4

430.3 143.2

432.1 142.6

433.9 143.8

435.7 145.3

437.5 144.4

439.3 145.9

441.1 146.8

442.9 145.8

444.7 146.4

446.5 147.3

448.3 147.0

450.1 147.9

451.9 149.7

453.7 149.1

455.6 148.8

457.4 149.6

459.2 151.0
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Table 1 continued

N/K Cp
0

461.0 150.0

462.8 151.1

464.7 151.4

466.5 151.9

468.3 153.2

470.1 153.2

472.0 154.7

473.8 156.1

475.6 156.2

477.4 157.3

479.2 158.1

481.0 159.7

482.8 160.0

484.6 160.2

486.4 162.9

488.3 162.8

490.1 164.5

493.6 166.9

495.4 166.5

497.2 168.7

499.0 168.6

500.9 170.9

502.7 171.3

504.5 173.6

506.3 174.5

508.1 177.2

509.9 178.3

511.7 181.3

513.5 181.9

515.4 184.7

517.2 186.1

519.0 188.4

520.8 190.6

522.6 190.6

524.4 192.4

526.2 193.5

528.0 193.4

529.8 193.8

531.6 194.5

535.2 193.8

537.0 195.2

540.6 194.9

542.4 195.5

544.2 195.7

546.0 196.3

549.6 196.8

M = 61256.13 g mol-1, p� = 0.1 MPa

Table 2 Experimental data of molar heat capacity of carbosilane

dendrimer of the fifth generation with diundecylsiloxane terminal

groups/kJ mol-1 K-1

N/K Cp
0

Series 1

6.50 0.896

7.36 1.12

8.21 1.34

9.13 1.66

9.78 1.94

10.49 2.28

10.92 2.48

11.58 2.80

12.00 3.00

12.65 3.29

13.42 3.64

14.18 4.01

14.76 4.29

15.39 4.610

16.11 4.979

16.82 5.375

17.53 5.740

18.23 6.123

18.85 6.477

18.93 6.492

19.62 6.887

19.66 6.879

20.26 7.219

20.31 7.242

20.57 7.399

21.75 8.066

22.07 8.248

24.12 9.566

26.49 11.03

28.89 12.57

31.31 14.12

33.74 15.68

36.17 17.34

38.61 18.91

41.06 20.50

43.51 22.06

45.96 23.57

48.42 25.02

50.87 26.46

53.8 28.20

55.79 29.30

56.23 29.55

57.88 30.57

58.26 30.80
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Table 2 continued

N/K Cp
0

60.00 31.82

62.91 33.55

65.38 35.07

67.84 36.46

70.31 37.92

72.2 38.99

74.8 40.49

77.72 42.14

80.60 43.65

83.10 45.14

Series 2

80.36 43.40

82.30 44.96

85.20 46.20

87.30 47.38

89.50 48.50

92.69 50.16

96.16 51.79

99.10 53.13

102.1 54.48

105.7 56.03

109.24 57.59

112.20 58.72

115.16 59.78

118.64 61.27

122.02 62.50

124.99 63.60

127.96 64.73

130.93 65.76

133.90 67.01

130.93 65.76

139.84 69.42

142.81 70.46

146.22 71.84

149.19 73.06

152.56 74.36

155.97 75.97

159.34 77.38

162.32 78.72

165.30 79.86

168.28 81.22

171.26 82.78

174.25 84.26

177.24 85.80

180.22 87.50

182.36 88.88

184.10 89.95

186.18 91.86

Table 2 continued

N/K Cp
0

189.11 97.84

192.44 109.2

195.36 132.7

198.28 162.1

201.25 197.1

204.28 229.0

207.26 268.3

210.45 146.1

213.69 137.6

216.70 136.2

219.70 135.0

222.69 134.1

225.68 133.6

230.84 133.3

237.88 133.1

244.32 133.0

250.75 133.3

257.17 133.7

263.57 134.1

269.95 134.2

276.21 134.2

276.33 134.3

278.76 134.0

281.31 134.1

283.83 134.2

286.34 134.3

288.78 134.4

291.13 134.5

293.41 134.6

295.6 134.7

297.69 134.8

283.83 134.2

286.34 134.3

299.68 134.9

301.59 135.0

303.4 135.1

305.12 135.1

306.76 135.2

308.33 135.3

309.84 135.3

311.3 135.4

312.71 135.5

314.09 135.5

315.47 135.6

316.84 135.6

318.23 135.7

319.65 135.7

321.12 135.8
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Table 2 continued

N/K Cp
0

322.63 135.9

324.21 135.9

325.87 136.0

327.56 136.1

329.3 136.2

331.1 136.2

332.96 136.3

334.87 136.4

336.82 136.5

338.8 136.6

340.8 136.6

342.83 137.1

344.88 137.3

346.93 137.8

348.97 138.2

351.01 138.0

Series 3

339.6 136.4

341.3 136.5

343.1 137.0

344.8 137.3

346.8 137.4

348.9 138.0

351.0 138.0

353.0 138.5

355.1 138.5

357.0 138.5

359.0 138.8

361.0 138.9

362.9 139.3

364.8 139.1

366.6 139.9

368.5 139.4

370.3 139.3

372.1 139.4

373.9 139.4

375.6 139.9

377.4 139.7

379.1 139.6

380.9 139.7

382.6 140.0

384.4 140.1

386.1 139.9

387.8 140.2

389.6 140.2

391.3 140.5

393.1 140.5

394.8 140.2

Table 2 continued

N/K Cp
0

396.6 140.5

398.4 140.5

400.2 140.6

402.0 141.0

403.8 141.3

405.6 141.2

407.4 141.8

409.2 142.0

411.1 142.1

412.9 141.9

414.8 142.3

416.6 142.6

418.4 142.6

420.3 142.8

422.1 142.9

424.0 143.3

425.8 143.3

427.7 143.3

429.5 143.9

431.3 143.9

433.2 143.9

435.0 144.0

436.9 144.3

438.7 144.5

440.5 144.5

442.4 145.1

444.2 145.1

446.1 145.6

447.9 145.6

449.7 146.1

451.6 146.1

453.4 146.4

455.2 146.3

457.1 146.7

458.9 146.7

460.7 147.2

462.6 147.1

464.4 147.4

466.2 148.0

468.1 148.0

469.9 148.2

471.7 148.4

473.5 148.4

475.3 148.8

477.1 148.9

478.9 149.1

480.6 150.0

482.4 149.8
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the dendrimers was everywhere between 15 and 50% of the

overall heat capacity of the calorimetric ampoule with the

substance. The experimental Cp
0 values were smoothed by

means of a computer program in the form of degree and

semi-logarithmic polynomials. As an example, the poly-

nomials with the corresponding coefficients for ranges

from 6 to 13 K and from 225 to 346 K are cited below. For

II in the interval between 6 and 13 K, the equation Cp
0(T)

= -1.10542 9 102 ? 2.14308 9 103(T/30) - 1.74246 9

104(T/30)2 ? 7.77548 9 104(T/30)3 - 2.06761 9 105(T/

30)4 ? 3.31179 9 105(T/30)5 - 2.98584 9 105(T/30)6
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Fig. 2 Heat capacity of carbosilane dendrimer of the fifth generation

with diundecylsilyl terminal groups: ABB’ amorphous part in glassy

state, BCDE apparent heat capacity in the interval of devitrification of

the amorphous part and melting of crystalline dendrimer part, EFG
devitrified state

Table 2 continued

N/K Cp
0

484.2 150.2

486 150.5

487.8 150.7

490.3 151.5

492.1 152.2

493.3 152.5

495.1 153.0

496.9 153.5

484.2 150.2

486.0 150.5

487.8 150.7

490.3 151.5

492.1 152.2

493.3 152.5

495.1 153.0

496.9 153.5

498.7 154.1

500.5 154.6

502.3 154.8

504.2 155.6

506 156.1

507.8 156.6

509.7 157.4

511.5 157.9

513.4 158.7

515.2 159.5

517.1 160.0

518.9 161.2

520.7 161.7

522.5 162.5

524.4 163.3

526.0 164.1

528.0 164.8

529.8 166.1

531.7 166.9

533.5 167.9

535.3 169.2

537.2 170.2

539.0 171.0

540.8 171.8

542.6 172.3

544.4 173.0

546.2 173.8

548.0 174.8

549.8 175.1

551.6 176.1

553.5 176.3

555.3 177.2

Table 2 continued

N/K Cp
0

557.1 177.4

558.9 177.9

560.7 178.6

562.5 179.1

564.3 178.9

566.1 180.0

567.9 179.6

569.7 179.9

571.5 180.1

573.3 180.3

575.1 180.3

576.8 179.8

578.6 179.3

580.4 177.7

M = 70747.50 g mol-1, p� = 0.1 MPa
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? 1.17637 9 105(T/30)7 as well as the equation Cp
0(T)

= -1.7409054 9 105 ? 1.3729883 9 105(T/30) - 4.6

048614 9 104(T/30)2 ? 8.5233573 9 103(T/30)3 - 9.4061

029 9 102(T/30)4 ? 6.1906776 9 10(T/30)5 - 2.2505345

(T/30)6 ? 3.4870097 9 10-2(T/30)7 in the range from 225

to 346 K were used. In these equations, Cp
0 is in

kJ mol-1 K-1 and temperature is in K. The root-mean-

square deviation of the Cp
0 points from the corresponding

smoothed curve Cp
0 = f(T) was ±0.20% over the range

6–13 K, ±0.50% from 10 to 40 K, ±0.20% between 30

and 100 K, in the ranges 90–186 and 225–346 K the root-

mean-square deviation was ±0.40 and ±0.40% in the

interval from 330 to 486 K.

The heat capacity of I smoothly and quite regularly

changes with temperature increase in the range 6–195 K.

There is anomalous changing the heat capacity with tem-

perature rise on the temperature dependence Cp
0 = f(T) in

the ranges 195–235 and 461–532 K (Fig. 2). Since 195 K

the heat capacity is sharply increased with growth of

temperature, achieving the maximal meaning Cp,max
0 =

330.8 kJ mol K-1 at 226.48 K (Fig. 2, the point D), then

sharply decreases up to 119.1 kJ mol K-1 at 235.07 K.

The above transformation is presumably related to devit-

rification of the amorphous part of the polymer, which

smoothly passes to melting of its crystalline part.

It should be noted that the temperature of devitrification

for studied sample is much higher in comparison with

investigated earlier dendrimers of the sixth [13], seventh,

and ninth [14] generations with terminal butyl groups and

dendrimers by first–fifth generations with terminal allyl

groups [11]. Probably, it is caused by a various nature of

terminal groups, and also ability of undecyl fragments to

form the ordered crystal areas, as well as in the case of

methoxyphenyl benzoate-terminated liquid crystalline

dendrimers [15].

In the range 461–532 K there is the second transformation

on a curve Cp
0 = f(T) reminding on the form the glass tran-

sition. The similar jump of the heat capacity was observed for

studied earlier carbosilane dendrimers with terminal butyl

groups: in range 370–470 K for the sixth generation (G-6

(Bu)256) [13] and in an interval 390–490 K for seventh (G-7

(Bu)512) and ninth (G-9 (Bu)2048) generations [14]. It is

visible that the observable transition as well as the glass

transition come at higher temperatures than for compared

dendrimers. The assignment of the transition undoubtedly

requires more extensive thermophysical, thermomechanical,

and rheological experiments. Its physicochemical interpre-

tation and assignment to a specific group according to ther-

modynamic classification likewise needs additional studies.

However, the shift of the second transition toward higher

temperatures with an increase in the size of terminal groups

from butyl to undecyl is consistent with our hypothesis that

there is a physical network that is similar to the entanglement

network arising in classical polymers.

The temperature dependence of the heat capacity

Cp
0 = f(T) for II (Fig. 3) is similar considered for I; how-

ever, the glass transition and melting temperature (Table 3)

are lower for the dendrimer containing the silicone spacer

than those for the poly(undecyl) dendrimer. This situation

is most likely related to the presence of the flexible silox-

ane spacer between the alkyl decoration and the dendrimer

core. The jump of the heat capacity, corresponding to

the second transformation, is somewhat lower, than in the

case of I.

Low-temperature heat capacity (20 B (T/K) B 50) of

the dendrimers under study is linear function versus tem-

perature. This indicates on chain (linear) topology structure

of compounds [22, 23].
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Fig. 3 Heat capacity of carbosilane dendrimer of the fifth generation

with diundecylsiloxane terminal groups

Table 3 Glass transition and glassy state characteristics of polyundecylcarbosilane and polyundecylcarbosilane dendrimer with siloxane

fragments of the fifth generation (p = 0.1 MPa)

Dendrimer Gross-formulae M/g mol-1 Tg
0 ± 0.5/K DCp

0 ± 0.5/kJ K-1 mol-1 Sconf
0 ± 0.5/kJ K-1 mol-1 S0(0) ± 0.5/kJ K-1 mol-1

I Si253C3824H8156 61256.13 209.0 23.5 6.0 6.0

II Si381C4080H8924O128 70747.5 190.1 26.5 6.8 6.8
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The glass transition and glassy state

The thermodynamic characteristics of devitrification and

glassy state of the dendrimers are listed in Table 3. The

glass transition temperature Tg
0 was determined by the Al-

ford and Dole method [24–26] from the inflection of the

plot of the temperature dependence of entropy of heating.

The devitrification intervals and an increase in the heat

capacity on devitrification were determined graphically.

The configuration entropy was calculated by Eq. 1:

S0
conf ¼ DC0

p T0
g

� �
ln T0

g

.
T0

2 ; ð1Þ

where T2
0 is Kauzmann temperature [27], the ratio Tg

0/T2
0 is

equal to (1.29 ± 0.14) [28] and [29]. It is suggested that

the ratio is valid also for all dendrimers under study. It was

shown [28] and [30] that the value Sconf
0 is close to the S0(0)

value. Taking this into account it was assumed quite nor-

mally that S0(0) = Sconf
0 [29] to evaluate the absolute value

of the absolute entropy.

Melting

In Table 4 are represented the thermodynamic quantities of

melting. The melting temperature of a crystalline part

of samples accepted equal to temperature of the end of

transformation (Figs. 2, 3, point D). The enthalpies of

melting were determined as a difference of integrals on

temperature under curves apparent (BCDEB) and normal

(BB’CEB, extrapolational) heat capacity, respectively, in

the interval of transformation.

Standard thermodynamic functions

To calculate the standard thermodynamic functions

(Tables 5, 6) of I and II, their Cp
0 values were extrapolated

from 6 K to zero temperature consistently with the Debye

law in the low-temperature limit [30]:

C0
p ¼ nD hD=Tð Þ; ð2Þ

where D denotes Debye function of the heat capacity, n and

hD are specially selected parameters (with n = 3,

hD = 51.7 and 63.9 K for I and II, respectively). Equa-

tion 2 with these parameters describes the experimental Cp
0

values of the compound between 6 and 12 K with the error

of ±1.5%. In calculating the functions, it was assumed that

Eq. 2 reproduced Cp
0 values of I and II at T \ 6 K with the

same error.

The calculation of enthalpy and entropy was made

by the numerical integration of Cp
0 = f(T) and Cp

0 =

ln f(T) curves, respectively. The free Gibbs energy was

calculated with Gibbs–Helmholtz equation from the

enthalpies and entropies at the corresponding temperatures

[31]. It was suggested that the error of the function values

was ±2% at T \ 15 K, ±0.5% between 15 and 40 K,

±0.2% in the range from 40 to 350 K, and ±2% from 330

to 580 K.

Standard entropies of formation of dendrimers

at 298.15 K

From the absolute values of entropies (Tables 5, 6) of studied

dendrimers at 298.15 K and the absolute entropies of simple

substances [C(gr), Si(cr)] [32] and [H2(g), O2(g)] [33] at

T = 298.15 K it was found that the standard entropies of

formation of dendrimers are -418.9, -466.3 kJ/(K mol),

respectively. The values conform to the equations:

253Si crð Þ þ 3824C grð Þ þ 4078H2 gð Þ
! Si253C3824H8156 að Þ; ð3Þ

381Si crð Þ þ 4080C grð Þ þ 4462H2 gð Þ þ 64O2 gð Þ
! Si381C4080H8924O128 að Þ; ð4Þ

where the physical states of the reagents are indicated in

parentheses (gr stands for graphite, g for gas, cr for crystal,

and a for amorphous). The large negative DfS
0 values are

related apparently to binding of 4078 and 4462 mol of

gaseous hydrogen in the reaction of formation of dendri-

mers from simple substances.

Comparison of thermodynamic properties of studied

dendrimers

It was interesting to compare thermodynamic characteris-

tics of studied dendrimers. The values of glass transition

and fusion temperature (Tables 3, 4) for dendrimer with

siloxane outer layer are lower than for poly(undecyl)

dendrimer. Most probably it is connected with presence in

structure of this dendrimer flexible silicone spacer between

alkyl decoration and dendrimer core. This small difference

in structure of studied dendrimers imparts higher mobility

to terminal alkyl groups owing to the presence of a more

Table 4 The thermodynamic characteristics of fusion for studied

dendrimers (p = 0.1 MPa)

Dendrimer Tg
0 ± 0.3/K Cp,max

0 ± 0.5/

kJ K-1 mol-1
DfusH�/

kJ K-1 mol-1

I 235.1 330.8 1393

II 220.0 268.3 1066
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flexible linkage between the surface structure and the

dendrimer core. The jump of the heat capacity corre-

sponding to second transition is somewhat lower than in

the case of dendrimer I, while molecular mass is noticeably

higher owing to incorporation of siloxane spacers. Take

into account that dendrimers I and II have similar cores

and nature of outer layers it is possible to state that the

strength of entanglements depends on the flexibility of

outer structural fragments. In other words, the incorpora-

tion of flexible siloxane spacers does not change the

chemical nature of outer layers but changes their flexibility

and thus makes the entanglements less efficient.

Table 5 Standard thermodynamic functions of carbosilane dendrimer of the fifth generation with diundecylsilyl terminal groups

T/K Cp
0/kJ mol-1 K-1 H�(T) - H�(0)/kJ mol-1 S�(T) - S�(0)/kJ mol-1 K-1 -[G�(T) - H�(0)]/kJ mol-1

Amorphous part in glassy state

5 0.350 0.429 0.118 0.149

10 1.80 5.57 0.776 2.17

15 4.04 20.0 1.91 8.69

20 6.619 46.49 3.421 21.91

25 9.403 86.49 5.193 43.32

30 12.27 140.7 7.161 74.13

40 17.72 291.2 11.46 167.0

50 23.21 492.9 15.93 303.8

60 28.06 750.4 20.62 486.5

80 37.04 1401 29.91 991.9

90 45.46 2225 39.07 1682

100 51.71 3196 47.91 2553

120 58.55 4299 56.39 3596

140 37.04 1401 29.91 991.9

160 65.24 5537 64.65 4807

180 72.73 6913 72.75 6181

200 85.35 8476 80.97 7717

Amorphous part in devitrified state

250 120.1 15,611 112.6 12,549

270 121.1 18,021 122.0 14,896

290 123.1 20,463 130.6 17,422

298.15 124.1 21,470 134.1 18,501

310 125.7 22,950 138.9 20,118

330 128.4 25,492 146.9 22,977

350 129.9 28,075 154.5 25,991

370 131.7 30,690 161.7 29,154

390 133.9 33,344 168.7 32,459

410 138.0 36,061 175.5 35,901

430 142.1 38,860 182.2 39,478

450 147.3 41,755 188.8 43,188

470 153.3 44,756 195.3 47,028

490 164.4 47,929 201.9 51,000

510 178.4 51,340 208.7 55,106

530 193.9 55,104 216.0 59,352

550 196.8 59,007 223.2 63,743

M = 61256.13 g mol-1
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Conclusions

• The heat capacities of carbosilane dendrimers with di-

undecylsilyl and diundecylsiloxane terminal groups of

the fifth generation have been measured over the range

from 6 to (550–580) K.

• From experimental data the standard thermodynamic

functions of studied carbosilane dendrimers, namely,

the heat capacity Cp
0(T), enthalpy H�(T) - H�(0),

entropy S�(T) - S�(0), and Gibbs function G�(T) -

H�(0) have been calculated over the range from T ? 0

to (550–580) K, and the values of standard thermody-

namic functions of formation of studied dendrimers at

T = 298.15 K have been calculated.

• The standard thermodynamic properties of studied

dendrimers have been compared; as a result some

dependences thermodynamic properties on composition

and structure were obtained.

Table 6 Standard thermodynamic functions of carbosilane dendrimer of the fifth generation with diundecylsiloxane terminal groups

T/K Cp
0/kJ mol-1 K-1 H�(T) - H�(0)/kJ mol-1 S�(T) - S�(0)/kJ mol-1 K-1 -[G�(T) - H�(0)]/kJ mol-1

Amorphous part in glassy state

5 0.331 0.400 0.111 0.138

10 2.04 5.900 0.800 2.120

15 4.42 22.00 2.074 9.082

20 7.08 50.70 3.703 23.36

25 10.08 93.40 5.599 46.54

30 13.28 151.8 7.722 79.83

40 19.85 317.2 12.43 180.2

50 25.93 546.7 17.53 329.8

60 31.83 835.4 22.78 531.2

80 43.38 1589 33.54 1094

100 53.56 2563 44.36 1873

120 61.73 3718 54.86 2866

140 69.36 5028 64.95 4065

160 77.64 6497 74.74 5462

180 87.36 8142 84.42 7054

190 100.4 9062 89.39 7922

Amorphous part in devitrified state

240 133.0 16,590 124.7 13,341

260 133.8 19,258 135.4 15,944

280 134.3 21,939 145.3 18,752

298.15 134.8 24,379 153.8 21,467

300 134.8 24,629 154.6 21,752

320 135.8 27,336 163.3 24,933

340 136.7 30,059 171.6 28,283

360 138.8 32,817 179.5 31,794

380 139.9 35,605 187.0 35,459

400 140.9 38,412 194.2 39,272

420 142.6 41,246 201.1 43,226

440 144.8 44,120 207.8 47,316

460 147.0 47,039 214.3 51,537

480 149.5 50,002 220.6 55,886

500 155.0 53,050 226.8 60,360

520 163.2 56,232 233.1 64,959

540 171.7 59,575 239.4 69,683

560 176.6 63,073 245.7 74,534

580 181.0 66,669 252.0 79,512

M = 70747.50 g mol-1
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