Available online at www.sciencedirect.com

sc|ENcE@D|REcT® thermOChimica
acta

ELSEVIER Thermochimica Acta 440 (2006) 188-194

www.elsevier.com/locate/tca

Thermodynamic properties of carbosilane dendrimers of
the third to the sixth generations with terminal butyl
groups in the range frofi— 0 to 600 K

N.N. Smirnova-*, O.V. Stepanovg T.A. Bykova?, A.V. Markin?,
A.M. Muzafaro\?, E.A. Tatarinova&, V.D. Myakushe\

8 Chemistry Institute, Nizhny Novgorod State University, Gagarin Prospekt 23/5, 603950 Nizhny Novgorod, Russia
bN.s. Enikolopov Institute of Synthetic Polymer Materials of RAS, Profsoyuznaya Str. 70, 117393 Moscow, Russia

Received 14 September 2005; received in revised form 3 November 2005; accepted 7 November 2005
Available online 15 December 2005

Abstract

In the present work temperature dependences of heat capacity of carbosilane dendrimers with butyl terminal groups of the third and the fourt
generations as well as of the fifth and the sixth generations have been determined first in the range from 6 to 340K and between 6 and 600}
respectively, by precision adiabatic vacuum and dynamic calorimetry. In the above temperature ranges the physical transformations have be
detected and their thermodynamic characteristics have been estimated and analyzed. The experimental data were used to calculate stanc
thermodynamic functions, namely the heat capaCB¢r’), enthalpyH°(T) — H°(0), entropys®(T) — $°(0) and Gibbs functioiz>(7) — H°(T), for
the range fron"— 0 to (340-600) K. Linear dependences of changing the corresponding thermodynamic functions of the dendrimers on their
molecular weight and the number of butyl groups on an outer sphere have been determined.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction numerous. Most of available works are devoted to the investiga-
tion of the thermal behavior of dendrimers, i.e. the determination
The synthesis and the examination of physicochemical propsf temperatures of their devitrification and decomposition. Only
erties of polymers of a virtually new type—dendrimers—arein a few paperqg17-23]the data on low-temperature depen-
one of the most promising and sufficiently developing direc-dences of the heat capacity and the values of thermodynamic
tions of up-to-date chemistfit—7]. Those are a particular class functions calculated based on them are presented.
of high-molecular compounds containing regular branches in a It is obvious that a highly urgent task is the accumulation of
monomeric unit the number of which increases in a geometprecise thermodynamic values for the compounds of the given
ric progression from the molecule center to periphE)@].  class and the determination of the most general qualitative and
According to the last classificatio®], 1, 2, 3 and ngenera- quantitative dependences of the change in their thermodynamic
tions of dendrimers are distinguished depending on the numbegroperties on the composition and structure. It is kn¢8w1.0]
of sphere branches. At present, the studies of the dendrimer sytiat the dendrimers combine the properties of macromolecules
thesis[10-12], their individual physicochemical characteristicsand individual molecular species. In this connection, it is natural
[13-15] and the quest for fields of their practical applicationto analyze the interrelation between the composition and struc-
[1-16] are actively performed. Nevertheless, published workgure of the dendrimers and their thermodynamic functions for
on the study of thermodynamic properties of dendrimers are na consistent comparison with similar characteristics of classic
polymers.
The goal of the given workis to calorimetrically determine the
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between 6 and 340K and of the fifth and the sixth generationsalorimeter design and the operation procedure were described
from 6 to 600 K, to detect their possible physical transformationsarlier[25,26]. The calorimeter was tested by measuring the heat
on heating and cooling and to interpret them in terms of physicatapacity of special-purity copper (OSCH) and reference samples
chemistry, to calculate the standard thermodynamic functionef synthetic corundum and K-2 benzoic acid. The analysis of the
Cp(T), H(T) — H°(0), $°(T) — $°(0) andG°(T) — H°(0) in the  results showed that an uncertainty of measurements of the heat
range from7 — 0 to (340—600) K and to elucidate the depen-capacity of the substances at helium temperatures was within to
dences of thermodynamic characteristics of the compounds ch2%, with rising temperature up to 40K it decreased down to
their composition and structure. +0.5% and was equal t0.2% atT>40K. Temperatures of
physical transformations can be determined with an uncertainty
of £0.02 K and their enthalpy with an error €{0.5%.

To measure the heat capacity of the substances between
300 and 600K an automatic thermoanalytical complex—a
dynamic calorimeter operating by the principle of triple ther-

The structure of the carbosilane dendrimer of the third gen[nal bridge—was employe{27,28]. The device design and

eration with terminal butyl group§G-3(Bulz} is shown as an the measurgment procgdure of the hegt capacity, temperatures
example below. and enthalpies of physical transformations were demonstrated

in detail in the same works. The reliability of the calorimeter
operation was checked by measuring the heat capacity of the
standard sample of synthetic corundum as well as the thermo-
dynamic characteristics of fusion of indium, tin and lead. As a
result, it was found that the calorimeter and the measurement
technique allow one to obtain the heat capacity values of the
substances in solid and liquid states with a maximum uncer-
tainty of £1.5% and the physical transformation temperatures
within to ca.4+0.5K. Since the heat capacity of the examined
compounds was also measured between 300 and 350K in the
adiabatic vacuum calorimeter with an uncertainty-6£2% and
the conditions of measurements in the dynamic device were
chosen so that in the above temperature interval(fieval-
ues, measured with employing both calorimeters, coincided it
was assumed that &t> 350 K the heat capacity was determined
with an uncertainty of 0.5-1.5%. The data on the heat capacity
of the objects under study were obtained in the range from 300
G-3(Bu)s: to 600 K at an average rate of heating of the calorimeter and the

. . . . . substance of 0.0133 K/s.
For higher generations the conventional designations are

the following: G-4(Bug4, G-5(Bu)2s, G-6(Bubsg, G-n(Bu),,,
where G isthe generation=1, 2, 3, .. .are the generation num-
bers,m is the number of butyl groups on the outer sphere of th
dendrimer molecules.
The samples of the carbosilane dendrimers were synthe- - 0 ni :
. . X ) All tal t d
sized at N.S. Enikolopov Institute of Synthetic Polymer Mate-; experimental Cp _points and averaging curves are

als. Russian Acad f Sci bv th thod d i illustrated inFigs. 1 and 2. The main characteristics of exper-
rais, russian Academy of Science by the method describeg, s on the heat capacity measurement for the carbosilane
in detail elsewherd24]. Under normal conditions the den-

dri 3 45 i ¢ t colorl ~_dendrimers are listed ifable 1. The tested substances under
MMErSs of 3, 4, 5 generations are transparent Coloriess VISCOUy 1 jiinns of our apparatus were cooled from room temperature

liquids while the dendrimer of the sixth generation is a trans-,[0 the temperature of the measurement onset (~6 K) at a rate of

parent waxy substa_nce. The composition and _structure of t .01 K/s. On subsequent heating all the dendrimers underwent
samples were confirmed by elemental analysis and metho

vitrification over the range from 175 to 195K that is practi-
of NMR 1H-spectroscopy{a “Bruker WP-200 SY spectrom- . C o
. . cally the same for all samples being studied in the present work.
eter” (200.13 MHz, a standard is tetramethylsilgnahd IR- y b 9 b

u . ) The transition parameters for the dendrimers are summarized in
spectroscopy (a “Bruker ISF-110" device). Table 2. According to the data, the behavior of the substances in
the low-temperature interval in no way practically differs from
2.2. Apparatus and measurement procedure that of systems having an allyl frame at silicon atd@i] and

is similar for polybutylcarbosilane dendrimers of various gen-
To measure the heat capao(t‘g of the tested substances in erations. The temperature ranges where the devitrification of all
the range from 6 to 340K a BKT-3.0 automatic precision adi-dendrimers occurs lie between 20 and 35 K. The devitrification
abatic vacuum calorimeter with discrete heating was used. Themperaturdy increases on going from the third generation of

2. Experimental

2.1. Sample

3. Results and discussion

& 1. Hear capacity
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Table 1
The characteristics of experiments on measuring of the heat capacity of the
G-3(Buk2—G-6(Busg carbosilane dendrimers with butyl terminal groups

C,y kK mol”

20

Dendrimer m? (g) P N¢ ATY RMSD for
Cp (%)
15 G-3(Bu)z 0.1375 4 196 6-90 0.07

70-230 0.05
210-340 0.03

G-4(Buka 0.1565 6 224 6-90 0.07
70-230 0.05
210-340 0.03

G-5(Bu)2s 0.3026 4 229 6-90 0.07
70-230 0.05

210-350 0.03

340-420 0.15

wn

0 %0 TK 400-600  0.15
Fig. 1. Temperature dependence of heat capacity of carbosilane dendrimers with-6(Bus 0.2013 4 188 6-90 0.07
terminal butyl groups of: 1—the third generation, 2—the fourth generation; AF, 70-230 0.05
A’F—the glassy state; GL,'G'—the high-elastic state; EH; B —temperature 210-350 0.03
dependences of heat capacity in the devitrification interval; FG/—Fthe 340-420 0.15
increase in heat capacity on devitrification; BCDCH', I’ YK'—the heat capac- 400-600 0.15

ity anomalies as a positive deviation from the normal trend of curve; BD/,B
I’K’—the normal trend of heat capacity (a dashed line) in the interval of its
anomalous dependence.

@ Weight of sample placed in calorimetric ampoule in adiabatic vacuum
calorimeter.

b Number of test series.

¢ Number of experimental points f«ﬁo in adiabatic vacuum calorimeter.
dendrimer to the fourth one. On further growing the generation | ¢ Temperature range for heat Capac'ty measurements.
number it remains substantially invariable. For all samples the ~ Roctmean- Sq“aore deviation of the experimegipbalues from the corre-

sponding smoothedg = f(T) curves.
devitrification was reproduced every time on cooling down to
a temperature belowé’ and on subsequent heating when the
repeated measurement@§ was performed. Besides, the pro- For all the dendrimers, except G-6(Bsg, with rising temper-
cess characteristics did not change when the measurement cyglire the regions of an anomalous variation of the heat capacity
was conducted after cooling the compound in a high-elastic statgre seen on thé‘o f(T) plots as a positive deviation from a
at different rates. Thus, no crystallization of the dendrimer sampgormal (mterpolatlon) trend of the curve for G-3(Bppnd G-
ples with butyl terminal groups occurred, those existed in glassy(Bu)s, and a negative deviation in the case of G-5@g)The
and high-elastic states in the temperature interval consideregemperature ranges of these anomalies and their thermodynamic
characteristics are given Table 3. It is worth of note that those
were reproduced always on cooling and further measuring the
Cp values in the above intervals. The nature of the anomalies
is not quite clear and requires additional investigations. They
are likely to be brought about by the excitation of oscillations
of shielded atomic groups of repeating fragments in macro-
molecules on their heating and by freezing on cooling. Probably,
the anomalies in the tested dendrimers should be attributed to
equilibrium relaxation\-transitions of ordet> disorder type.
The similar anomalies in the same ranges as in the case of
G-3(Bu)k2 and G-4(Bug4 were observed too in carbosilane
dendrimers with terminal allyl groups and this conforms with
the fact that the same atomic groups, e.g. methyl groups, of the
dendrimers of both rows took part in the given process.
. The heat capacity of the dendrimers smoothly and fairly reg-

0 150 300 40 TK 600 ularly changed as temperature rose and, besides as it is expected,
Fig. 2. Temperature dependence of heat capacity of carbosilane dendrimei@€ heat capacity more gradually increased with rising tempera-
with terminal butyl groups of: 1—the fifth generation, 2—the sixth gener- ture in the high-elastic state and the following sequence always
ation; AC, AC'—the glassy state; DI, '—the high elasticity state; BE, remained:
B’E'—temperature dependences of heat capacity in devitrification interval; CD, O[G 3(Bu)gy] < CO[G 4(Bu)g,] < CO[G 5(Bu gl

C'D’'—the increase in heat capacity on devitrification; FGH—the anomaly of g
heat capacity for G-5(By)s as a negative deviation from the normal trend of <C [G 6(Bu)256] (FIgS 1 and 2) AT<340 K the heat

curve; FH—the normal trend of heat capacity of G-5(Bu)a dashed line) in CapaCIty of G-3(Buj, is lower than that of G-4(Bg), G-
the interval of its anomalous dependence. 5(Bu)128 and G-6(Bu)se by 50-55%, 70-80% and 85-90%,

C,", kI-K " -mol”
150

120

20

60

30




N.N. Smirnova et al. / Thermochimica Acta 440 (2006) 188—194 191

Table 2

Glass transition and glassy state characteristics of the G-3{B«3-6(Bu)se carbosilane dendrimers with butyl terminal groups (21 MPa)

Dendrimer Gross-formulae M (g/mol) Tg £ 0.5 (K) ACR (kII(Kmol)) S%ont (KJ/(Kmoal)) 5°(0) (kJ/(Kmol))
G-3(Bukz Ca40H540Siz9 4241.4 179.8 1.904 0.485 0.485

G—4(Buk4 CageH11165i61 8795.5 186.0 3.82 0.973 0.973
G-5(Bu)2s C1008H2268Si125 17903.8 186.5 9.29 2.366 2.366
G—6(Bubss C2032H4572Si53 36120.3 186.2 17.26 4.395 4.395

respectively. An essential difference in the behavior showeavhere 77 is Kauzmann temperatuf@3], the ratio7g/ 77 is

itself at higher temperatures. So, while the behavior of theequal to (1.29:0.14)[32,34]. It is suggested that the ratio is

dendrimers of the third to fifth generations was identicalvalid also for all dendrimers under study. It was shdd®,35]

the dendrimer of the sixth generation displayed the seconthat the S value is close to the magnitude 6P(0) and

transition on theC° f(T) plot between 370 and 470K. The taking th|s into account one may assume quite normally that

appearance of the second jump of the heat capacity for thg°(0) = SO, ¢[35] in order to evaluate the absolute value of the

sixth generation dendrimer over the range from 370 to 470 KentropyS°(T).

calls for a separate consideration. Moreover, the availability of The anomaly characteristics are givenTable 3. The tem-

such transition is noteworthy because it can be associated witherature intervals of the anomalies were determined graphically

the mobility of the molecular structure as postulated earliefrom theCy = f(T) curves and temperatures corresponding to

difference in the mobility of internal and external spheres ofthe maX|mum deviation of the heat capacity from the normal

the molecular structur29] that affects the total mobility of the  trend of curves were taken as the temperatures of anonigljies

dendrimer molecule. Apparently, it is not accidental startingThe enthalpies and entropies of anomalies were calculated as the

from the sixth generation the dendrimers of this homolyticaldifference of areas of the relationig versusT and Cg versus

row stop flowing without load. It is clear that the objective In T, respectively, under the heat capacity curves in the anomaly

explanation of the observed transition needs a wide varietintervals (Figs. 1 and 2).

of experiments such as thermophysical ones with using new

objects distinguished by the structure of the outer and innes.3. Thermodynamic functions

spheres of the molecular structure and experiments with

applying thermomechanical and rheological methods. To calculate the standard thermodynamic functions (Table 4)
In the temperature range from 340 to 600 K the differences irof the dendrimers thei€p values were extrapolated from the

the heat capacities of G-5(Bup and G-6(Bu)se are 50-60%. temperature of the measurement beginning to 0K by Debye’s

function of heat capacity:

3.2. Thermodynamic characteristics of physical o
transformations C =nD ( T ) )

Characteristics of devitrification and glassy state of the denwhereD is the symbol of Debye’s functiom, and¢p are spe-
drimers are listed ifable 2. The glass transition temperaturecially selected parameters. In the range from 6 to 13K for the
TO was determined by Alford and Dole methm]_from the dendrimers of the thll’d fOUI’th fifth and sixth generations
inflection of a plot of the temperature dependence of entropy onddp are 120 and 82, 245 and 82, 325 and 69, 841 and 76,
heating. The devitrification intervals and an increase in the hedespectively. Eq(2) with the above parameters describes the
capacity on devitrificatiodC3(7¢) were determined graphi- experimentat’y values of the compounds between 7 and 13K

cally [31]. The configuration entropyconf was calculated by With an uncertamty 0f0.6%. On calculating the functions it
Eq. (1) [32]: was assumed that E(R) reproduces th€ values of the den-

drimers at7'< 6 K with the same uncertainty. The calculations

0 C°(T°) In ng‘f (1) of H°(T) — H°(0) andS°(T) — S°(0) were made by the numeri-

conf = 9’ cal integration ofCg = f(7) andCp = f(In T) curves and the
Table 3
The thermodynamic characteristics of observed anomalies for studied dendrimers samples
Dendrimer ATan (K) T, £0.5 (K) Cp exc (KI(Kmol)) AH, (kJ/(Kmol)) ASS, (kJ/(Kmol))
G-3(Bukz 68-90 76.4 0.16 1.397 0.0129
G-4(Buka 50-70 63.4 0.48 5.997 0.0816

289-306 298.3 0.78 6.359 0.0212

G-5(Bu)2s 365-445 420.1 —3.59 —186.0 —0.494

ace the molar exceed heat capacity into the anomalous interval.

p.exc
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Table 4
The thermodynamic functions of studied dendrimers at a standard pressure
T (K) Co(T) (kJ/(K mol)) H°(T) — H°(0) (kJ/mol) SO(T) — $°(0) (kJ/(Kmol)) —[G°(T) — H°(0)] (kJ/mol)
G-3(Buk?
Glassy state
5 0.0175 0.0219 0.00583 0.00729
10 0.129 0.340 0.0456 0.116
15 0.3150 1.438 0.1319 0.5414
20 0.5160 3.510 0.2499 1.488
25 0.6986 6.620 0.3878 3.076
50 1.755 37.55 1.204 22.64
100 3.280 166.2 2.925 126.3
150 4.551 362.3 4.499 312.5
179.8 5.449 511.9 5.406 460.1
High elastic state
179.8 7.353 511.9 5.406 460.1
200 7.618 663.4 6.204 577.4
250 8.156 1053 7.941 932.3
298.15 8.801 1462 9.434 1351
340 9.662 1844 10.63 1771
G-4(Bu)sa
Glassy state
5 0.0362 0.0453 0.0121 0.0151
10 0.268 0.837 0.114 0.301
15 0.6294 3.090 0.2913 1.279
20 1.033 7.190 0.5246 3.302
25 1.447 13.36 0.7979 6.589
50 3.414 75.73 2.449 46.71
100 6.697 342.1 6.022 260.2
150 9.230 740.8 9.221 642.4
186.0 11.37 1111 11.43 1014
High elastic state
186.0 15.19 1111 11.43 1014
200 15.55 1326 12.54 1182
250 16.70 2131 16.13 1901
298.15 18.91 2973 19.20 2752
340 19.72 3760 21.67 3608
G-5(Bu)zs
Glassy state
5 0.080 0.100 0.0268 0.0335
10 0.530 1.479 0.2000 0.5209
15 1.229 5.803 0.5407 2.307
20 2.049 13.85 0.9986 6.121
25 2.815 26.30 1.551 12.47
50 6.856 148.6 4,781 90.39
100 13.59 670.7 11.74 503.3
150 18.64 1830 21.42 1383
186.5 22.40 2580 25.88 2246
High elastic state
186.5 31.69 2580 25.88 2246
200 31.98 3009 28.10 2611
250 33.70 5442 38.72 4236
298.15 35.94 7118 44.84 6251
340 38.91 8675 49.72 8230
400 40.0 11100 56.2 11400
450 46.0 13200 61.2 14300
500 49.1 15600 66.2 17500
550 52.6 18100 71.0 21000

600 54.9 20800 75.7 24600
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Table 4 (Continued)

T (K) C(T) (kI/(K mol)) H°(T) — H°(0) (kJ/mol) SO(T) — $°(0) (kJ/(K mol)) —[G°(T) — H°(0)] (kd/mol)

G-6(Bu)ss

Glassy state
5 0.153 0.192 0.0511 0.0639
10 1.08 291 0.391 0.999
15 2.568 11.94 1.102 4.590
20 4.154 28.59 2.050 12.41
25 5.817 53.52 3.155 25.35
50 13.89 304.7 9.793 185.0
100 26.78 1354 23.81 1027
150 36.84 2947 36.59 2542
186.2 45.08 4428 45.41 4026
High elastic state

186.2 62.34 4428 45.41 4026
200 63.28 5295 49.90 4684
250 67.65 8561 64.46 7553
298.15 73.22 11940 76.80 10958
340 79.18 15124 86.79 14383
400 93.6 20218 101 20003
450 111 25334 113 25329
500 117 31100 125 31300
550 125 37200 136 37800
600 132 43500 147 44900

Gibbs functionG°(T) — H°(0) was estimated from the enthalpies the relationscg againstM (the molecular mass) of the car-

and entropies at the corresponding temperat{86% It was  bosilane dendrimers of the third to the sixth generations with
suggested that the uncertainty of the function valuesli% at  terminal butyl groups, the dendrimers being in similar physical
T<30K,£0.5% between 30 and 80 K,0.2% in the range from  states. As seen iRig. 3, the experimental points correspond

80 to 350K andt1.5% between 350 and 600 K. well to the averaging curves, the reliability of approximations

R? is 0.9996-0.9999. The maximum arithmetic-mean error of
3.4. Standard entropies of formation of dendrimers at the deviation of the experimental points from the appropriate
298.15K curves is£(0.5-2.0)%. Below are given equations of relations

between the thermodynamic functions of the tested objects and
From the absolute values of entropies (Tables 2 and 4jheir molecular masa/ at certain temperaturds

of the carbosilane dendrimers at 298.15K and the absoluteO
entropies of simple substances [C(gr)z(8), Si(cr)] it was Cp(100)= 0.0007368M+- 0.2558, ®3)
found atT'=298.15 K[37,38]that the standard entropies of for-
mation of G-3(Bu}>—G-6(Bu)sg dendrimers are-27.2+0.1,
—56.7+£0.1; —108.9+0.1; —228.9+ 0.1 kJ/(Kmol), respec- C8(298'15)= 0.002008 M+ 0.6086, (5)
tively. The values conform to the equations:

240Gy + 270H g+ 29Sir = CoaoHs540Sh9he. s
496Gy, + 558H, g+ 61Skr = CageH11165i61 he.
1008Gy + 1134k g+ 125Skr = CioogH22685i125 he »

C5(200) = 0.001747 M+ 0.3409, (4)

C," kI-K mol”

80

2032Cyr 4 2286H g+ 253Siy = Coo32Ha572Si53 e, or
where the physical states of the reagents are the following:

gr—graphite, g—gas, cr—crystalline, h.e.—high elasticity. 40 ¢
3.5. Dependence of thermodynamic functions of 20 |

dendrimers on their composition and structure

Using the data frorable 4, the relations between the thermo-
dynamic functions and the molecular mass of the dendrimers at
some tgmperatures We_re pIOtted' Itturned out tha_t the I_SOthemI]—'?g. 3. Dependence of isotherms of heat capacity on molecular mass of
_have alinear CharaCte”n the chosen temperature inteRigI8  caposilane dendrimers of the third to the sixth generations: 1—7'= 100K,
illustrates the isotherms G100, 200, 298.15 and 340K) of 2—7=200K, 3—7=298.15K, 4—T=340K.

10000 20000 30000 M, gmol!
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