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Thermodynamic properties of pyridine-containing polyphenylene
dendrimers of the first—fourth generations
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The temperature dependence of the heat capacity C,° = f{T) of hard pyridine-containing
polyphenylene dendrimers of the first, third, and fourth generations was studied for the first
time in an adiabatic calorimeter at 6—300 K. Using the experimental data obtained, the stan-
dard thermodynamic functions, viz., heat capacity, enthalpy, entropy, and Gibbs energy in the
range from 7 — 0 to 300 K, were calculated for these dendrimers and the value of standard
entropy of formation of the studied compounds at 7 = 298.15 K was estimated. The low-
temperature heat capacity of the dendrimers was analyzed on the basis of the Tarasov and
Debye theories of heat capacity of solids and by the multifractal method. The characteristic
temperatures and fractal dimensionality D were determined, and some conclusions about the
type of structure topology were drawn. The isotherms of the dependence of thermodynamic
functions of the dendrimers on the molecular weight were obtained.
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One of the most promising and rapidly developed di-
rections of modern chemistry is the study of dendrimers
representing spatially hyperbranched macromolecules with
highly ordered controlled and regular structures.!=7 Dend-
rimers are obtained by multiple repetition of a chosen se-
quence of reactions, which makes it possible to control the
architecture of the framework, the number of functional
groups on the surface of macromolecules, their shape and
size, and the molecular weight.8—19 Various classes of den-
drimers have been synthesized to the present time: carbo-
chain, carbosilane, phenylethynyl, phosphine, phospho-
nium, phenylene, and others.!1=14 Owing to the unique
structure and a complex of specific properties, dendrimers
find wide use; in particular, they can be used as standards
in mass spectrometry, electronic and atomic spectrosco-
py, and ultrafiltration and for encapsulation and immobi-
lization of guest low-molecular-weight compounds, in-
cluding physiologically active substances, efc.

In this work hard pyridine-containing polyphenylene
dendrimers!5:16 are considered. They are characterized by
high chemical and thermal stability, which allows one to
use them in aggressive media and at elevated tempera-
tures. Due to their hard structure, these compounds can
be used for the synthesis of new hybrid nanostructured
systems (dendrimer—metal) with catalytic properties and

for the development of nanosized optical and electronic
devices.15,17,18

The purpose of the present work is the calorimetric
study of the temperature dependence of the heat capaci-
ty C,°> =A(T) of hard pyridine-containing polyphenyl-
ene dendrimers of the first (G1-8Py), third (G3-42Py),
and fourth (G4-90Py) generations at 6—300 K; calcula-
tion of the standard thermodynamic functions C,°(7),
[H°(T) — H°(0)], $°(7), and [G°(T) — H°(0)] from the
obtained experimental data in the range from 7 — 0 to
300 K; determination of the standard entropy of forma-
tion of the studied compounds at 298.15 K; evaluation of
the type of structure topology by the data of low-tempera-
ture (20—50 K) heat capacity; and obtaining of isotherms
(T = 200 and 298.15 K) of the dependences of the heat
capacity, enthalpy, and entropy on the molecular weight
for the dendrimers of this series from the first to fourth
generations.

Experimental

Samples of dendrimers G1-8Py, G3-42Py, and G4-90Py
were synthesized at the A. N. Nesmeyanov Institute of Organo-
element Compounds, Russian Academy of Sciences, using the
procedure described earlier.!5:16 The structures of the studied
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samples were confirmed by the data of NMR spectroscopy,
MALDI-TOF mass spectrometer, and elemental analysis data. !5
The structures of dendrimers G1-8Py, G2-24Py, G3-42Py, and
G4-90Py are presented above and below.
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According to the thermogravimetric analysis data, the stud-
ied samples of dendrimers exhibit high thermal stability, and
their destruction (10% weight loss) begins at ~848 K in a nitro-
gen atmosphere and at ~753 K in air.15
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A BKT-3 completely automated adiabatic vacuum calorim-
eter designed and produced at the Termis joint-stock closed com-
pany (Mendeleevo, Mosocow Region) was used for the study of
the temperature dependence of heat capacity C,° = f{T) of the
samples at 6—300 K. Liquid helium and nitrogen were used as
cooling agent. Ampules with substances were filled with dry he-
lium (as a heat-exchange gas) to a pressure of 4 kPa at room
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temperature. The structure of the calorimeter and the procedure
are analogous to those described earlier.19:20 Reliability of opera-
tion of the calorimeter was checked by measuring C,° of stan-
dard samples of ultrapure copper, standard corundum, and ben-
zoic acid (K-3 trade mark), and by determining characteristics
of melting of n-heptane. It was established as a result that the
equipment and measurement procedure made it possible to ob-
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tain Cp° of substances with an inaccuracy of 2% at T< 15 K,
+0.5% in the range 15—40 K, and +0.2% in the range 40—300 K,
and the temperatures of phase transitions can be measured with
an inaccuracy of £0.01 K according to the ITS-90.

The heat capacity of the dendrimers was studied in the range
6—300 K. Weights of the samples placed in BKT-3 calorimetric
ampules were ~0.1500 g. In two series reflecting the sequence
of experiment for G1-8Py, G3-42Py, and G4-90Py we obtained
175, 149, and 165 experimental values of C,°, respectively.
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The heat capacity of the sample ranged from 25 to 35% of
the total heat capacity of the calorimetric ampule with the sub-
stance. The experimental points of Cp0 were smoothened as
power and semilogarithmic polynomials, and the corresponding
coefficients were selected by special computer programs.
The relative deviation of experimental values of C,° from
the smoothened curve C,° = f(T) in the temperature ranges
6—20, 20—50, and 50—300 K was *+1.3, +0.4, and +0.25%,
respectively.
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Results and Discussion

Heat capacity. The experimental values of C,° and
smoothing curves of C,° = f(7) for the denrimers are pre-
sented in Fig. 1. Under the experimental conditions, the
studied substances were cooled from room temperature to
the temperature of measurements (~6 K) with a rate of
0.02 K s~!. On subsequent heating, the heat capacity of
the dendrimers increased smoothly with temperature and
had no anomalies. No devitrification and crystalliza-
tion of the dendrimer samples occurred under the con-
ditions of calorimetric experiment. It is most likely
that defreezing of segmental mobility of particular re-
gions of the macromolecules begins at a temperature
higher than 300 K because of the hard structure of the
dendrimers.

It was of interest to evaluate the topological structure
of the dendrimers on the basis of the Tarasov and Debye
theories of heat capacity of solids and the multifractal
model of processing C,°.

According to the Tarasov theory,21—23 the skeletal heat
capacity of chain polymers is described by the two-pa-
rameter function of heat capacity

Ci3=D(6,/T) — 65/0,[D(65/T) — D3(6,/T)], (1)

where D; and D; are the symbols of the Tarasov and Debye
functions of heat capacity; 6, and 0; are the corresponding
characteristic temperatures; and 05/0, is the interchain in-
teraction parameter varying from zero to unity. The spe-
cific type of functions D; and D5 is given, e.g., in Refs 21—23.

Assuming that at 7< 100 K the contribution of atomic
vibrations to the heat capacity of the polymers considered
is small, it can be accepted that in this temperature range
C,° = C; 3. Taking into account this assumption on the
experimental values of heat capacity of the dendrimers
studied, we selected for them the values of 8; and 63
(Table 1). To calculate 8, and 65 of the second generation

C°,/kJ K~ mol-!

25 F
G4-90Py

15 b
G3-42Py
M2—24Py
- G1-8Py
100 200 300 T/K

Fig. 1. Temperature plots of the heat capacity of dendrimers
G1-8Py—G4-90Py.

Table 1. Fractal dimensionalities (D) and charac-
teristic temperatures (0,,,,) of the pyridine-contain-
ing polyphenylene dendrimers*

Dendrimer D 6,,,,(83) 0, 0,/63
K

G1-8Py 1.3 68.28 227.6 0.3

G2-24Py 1.3 81.29 406.5 0.2

G3-42Py 1.4 61.67 308.4 0.2

G4-90Py 1.3 81.73 408.7 0.2

* Temperature range 20—50 K.

dendrimer, the values of Cp", which we obtained for this
dendrimer earlier,24 were used.

Values of 6, and 65 were selected using the Chernople-
kov tables.?> Note that with the selected values of 8, and
05 Eq. (1) reproduces the experimental values of heat ca-
pacity in the range 20—50 K for all considered compounds
with the inaccuracy within £2.5%.

The values obtained by us (see Table 1) show that the
character of interchain interaction is approximately the
same for all dendrimers considered.

The results agree with the data of multifractal process-
ing of the low-temperature (20—50 K) heat capacity. The
main parameter of the Debye multifractal model of the
theory of heat capacity of solids20 is fractal dimensionality
D (see Refs 26 and 27), viz., exponent at the temperature.
Fractal dimensionality can possess the values from 1 to 4,
which allow one to judge about the type of topology of
structure of solids.2’? For the chain, layer, and spatial struc-
tures, D=1, 2, and 3, respectively. Fractal dimensionality
can be estimated from the experimental data on heat ca-
pacity from the slope of the corresponding rectilinear re-
gions of the plot of InC, vs InT, accepting that at 7< 50 K
C,° = C,. This follows from the equation

C, = 3D(D + DANY(D + DED + D(T/81,)°, )

where N is the number of particles in the molecule, k is
Boltzmann’s constant, y(D + 1) is the Gamma-function,
&(D + 1) is the Riemann &-function, 8,,,, is the character-
istic temperature, and D is fractal dimensionality.

The values of D obtained by us (see Table 1) indicate
the chain-layer topology of the structure of the studied
dendrimers.

As the temperature decreases (7' < 20 K), the heat
capacity of all samples is well described by the Debye
cubic limiting law.

Standard thermodynamic functions. For the calculation
of the standard thermodynamic functions (Tables 2—4),
the temperature dependence of the heat capacity was ex-
trapolated from 6 to 0 K by the Debye function of heat
capacity of solids. The enthalpy and entropy were deter-
mined by numerical integration of the curves C,° = f(T)
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Table 2. Standard thermodynamic functions of the polyphe-
nylene pyridine-containing dendrimer of the first generation
(M= 1850 g mol™!)

Table 4. Standard thermodynamic functions of the polyphe-
nylene pyridine-containing dendrimer of the fourth generation
(M= 17289 g mol™!)

/K G,o(1) S$o(7) AH*  —[G°(T) — H°(0)] /K (1) S$(7) AH*  —[G(T) — H°(0)]
J K~ mol™! kJ mol~! J K~ mol™! kJ mol~!
5 5.66 1.89 0.0071 0.00236 5 44.6 14.9 0.056 0.0186
10 38.20 14.20 0.1050 0.03690 10 324.0 115.0 0.858 0.2930
15 85.00 38.40 0.4120 0.16400 15 792.0 333.0 3.630 1.3700
20 128.10 68.70 0.9442 0.43080 20 1214.0 621.6 8.688 3.7440
25 170.30 101.60 1.6890 0.85130 25 1615.0 934.6 15.730 7.6260
50 379.6 285.8 8.631 5.66 50 3501 2653 80.41 52.22
100 726.9 657 36.39 29.31 100 6210 5939 325.1 268.8
200 1419 1370 143.2 130.8 200 12482 12067 1245 1168
298.15 2478 2120 330.9 301.1 298.15 20555 18516 2857 2663
300 2505 2135 335.5 305 300 20718 18643 2895 2698

* Ho(T) — Ho(0).

and Cp0 = Inf(T), respectively, over the temperature. The
Gibbs function was calculated by the Gibbs—Helmholtz
equation. The calculation procedure was described in de-
tail before.28 It was assumed that the errors of calculated
values of the functions were £2, £0.5, and £0.2% at
T < 15 K and in the temperature ranges of 15—40 and of
40—300 K, respectively.

The standard entropy of formation at 7= 298.15 K
was calculated according to Egs (3)—(5) using the values
of absolute entropies for the dendrimers (see Tables 2—4)
and simple substances: carbon, hydrogen, and nitrogen.2?
For G1-8Py, G3-42Py, and G4-90Py ApS° is —54441 18,
—23388+78, and —157 889+166 kJ K~ mol~!, respectively.

137 C (gr) + 46 H, (g) + 4 N, (g) —»

— Cy37Hg2Ng (9l) 3)

Table 3. Standard thermodynamic functions of the polyphe-
nylene pyridine-containing dendrimer of the third generation
(M=8110g mol™!)

/K G,o(1) S5(7) AH*  —[G°(T) — H°(0)]
J K- mol™! kJ mol~!
5 37.4 12.6 0.047 0.0157
10 183.0 70.2 0.474 0.1710
15 400.0 211.0 2.200 0.9700
20 588.2 351.8 4.664 2.3710
25 788.1 504.1 8.098 4.5050
50 1706 1355 40.1 27.65
100 3153 2989 162.1 136.8
200 6102 6043 619.4 589.1
298.15 9900 9137 1392 1332
300 9992 9199 1410 1349

* Ho(T) — Ho(0).

* Ho(T) — Ho(0).

594 C (gr) + 192 H, (g) + 21 N, (g) —

— Csg4H3gaNa42 (91) 4)

1266 C (gr) + 408 H, (g) + 45 N, (g) —»
— C266Hs16Ngo (91) (5)

(physical states of the reactants are given in parentheses:
gr is graphite, g is gas, and gl is glassy).

Figure 2 presents the isotherms of the dependences of
heat capacity C,° on the molecular weight of the pyridine-
containing polyphenylene dendrimers of the first—fourth
generations at 200 and 298.15 K. At these temperatures
the dendrimers exist in the same physical states. As can be
seen from Fig. 2, the experimental points agree well with
the averaging straight lines. The reliability of approxima-
tion is R? = 1. The maximum arithmetical mean error of
deviation of the experimental points from the correspond-

C°,/kJ K=! mol!
30
2
20 F
1
10
5000 10000 15000  M/g mol~!

Fig. 2. Isotherms of the heat capacity vs molecular weight M
of the pyridine-containing polyphenylene dendrimers of the
first—fourth generations at 200 (/) and 298.15 K (2).
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ing straight lines for the dendrimers of the first—fourth
generations is ~2.5%. For the dendrimer of the first gener-
ation, the value of deviation increases to 14%. This, most
likely, is related to the fact that the dendrimer of the first
generation has a low molecular weight and can be consid-
ered as a low-molecular-weight compound. The equa-
tions of isotherms of the dependences of the thermo-
dynamic functions of the studied dendrimers on their mo-
lecular weight M are given below.

C,°(200) = 0.7089M + 232.97 6)
C,°(298.15) = 1.1707M + 337.42 7
H°(200) — H°(0) = 0.0707M + 31.04 ®)
H°(298.15) — H°(0) = 0.1627M + 54.188 )
5°(200) = 0.6844M + 332.76 (10)
5°(298.15) = 1.0525M + 426.64 (1

In Eqgs (6)—(11) heat capacity is presented in kJ K~ mol~!,
enthalpy is given in kJ mol~!, and entropy is presented in
J K~ mol1.

Assuming that the obtained dependences are valid for
the dendrimers of higher generations (G > 4), the numer-
ical values of their thermodynamic functions can be esti-
mated from the corresponding equations.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 08-03-00214a).
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