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Abstract

In an adiabatic vacuum calorimeter, the temperature dependence of the heat capacity C: of phenylated
polyphenylene and initial comonomer 1,4-bis(2,4,5-triphenylcyclopentadienone-3-yl)benzene was
studied between 6 and 340 K with an uncertainty of about 0.2%. In a calorimeter with a static bomb
and an isothermal shield their energies of combustion AUy, were measured. From the experimental
data, the thermodynamic functions C;’ (D), H(T)-H"(0), $(T)-5"(0), G*(T)-H"(0) were calculated
from 0 to 340 K, and standard enthalpies of combustion AH .  and thermodynamic parameters of for-
mation—enthalpies AH, entropies AS{, Gibbs functions AG{ — of the substances studied were esti-
mated at 7=298.15 K at standard pressure. The results were used to calculate the thermodynamic char-
acteristics (AH?, AS?, AG?) of phenylated polyphenylene synthesis in the range from 0 to 340 K.

r

Keywords: 1,4-bis(2,4,5-triphenylcyclopentadienone-3-yl)benzene, fractal dimension, heat capac-
ity, phenylated polyphenylene, standard enthalpies of combustion, thermodynamic
functions, thermodynamic parameters of formation

Introduction

Polyphenylenes (PPh) are polymers with allternating benzene ring along a chain. The
peculiarities of the structure of these compounds are responsible for their unique
properties [1], in particular, for high thermal resistance. The data of the calorimetric
studies of poly-p-phenylene and poly-m-phenylene as well as the thermodynamic pa-
rameters of their synthesis by the catalytic dehydrogenation of benzene and the co-
polymerization of phenylacetylene with p-diethynylbenzene, respectively, in the
range from 60 to 700 K were published earlier [2, 3].

The present work is concerned the calorimetric study of the thermodynamic
properties of phenylated polyphenylene (PPPh) prepared by Diels-Alder cycloaddi-
tion of 1,4-bis(2,4,5-tiphenylcyclopentadienone-3-yl)benzene (TPCPB) with p-di-
ethynylbenzene (DEB) accompanied with the carbon monoxide elimination [4] and
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those of TPCPB not calorimetrically studied yet. The aim of this work was to mea-
sure the heat capacity C}f between 6 and 340 K and the energies of combustion AU.qmp
of the above compounds at 7=298.15 K, to calculate the thermodynamic func-
tions C,(T), H'(T)-H"(0), S%(T)-S°(0), G(T)-H(0) of PPPh and TPCPB from 0
to 340 K, the enthalpies of combustion AH_  and the standard thermodynamic char-
acteristics of formation (AH;, AS;, AG/) of the above compounds from the constit-
uents at 7=298.15 K, and from the data obtained in the present work and the corre-
sponding literature data for DEB [3] and carbon monoxide [5, 6] to estimate the ther-
modynamic parameters of the synthesis reaction of PPPh {enthalpy AH’(T), entropy
AS’(T), Gibbs function AG’(T)} over the interval from 0 to 340 K. The reaction of
PPPh synthesis is represented by the following scheme:

It should be noted that PPPh formed exhibits a remarkable specific feature,
namely, a high solubility in common solvents such as toluene, methylene chloride,
chloroform and others [4]. The reaction proceeds without thermodynamic hindrances
in a high yield of PPPh and, nevertheless, it is interesting to obtain the thermody-
namic characteristics for this reaction.

Experimental

Samples

1,4-Bis(triphenylcyclopentadienone-3-yl)benzene was prepared by the procedure pub-
lished elsewhere [7] and phenylated polyphenylene was synthesized by the procedure
described in detail previously [4]. The characterization of both objects was performed
by 'H and *C NMR spectroscopy (a Bruker AMX 500 instrument), mass spectrometry
(a VG Trio 2000 (EI, 70 eV) device) and size-exclusion chromatography (SEC). It was
found that M,=17.4-10° g mol ™, M,/M,=2.0. The elemental analysis results showed
the coincidence of the CO, amount found in the combustion products with that calcu-
lated by the chemical formula of the compound within £0.2 mass% for TPCPB and
0.7 mass% for PPPh. Obviously, the polymer is amorphous [4].
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Apparatus and methods

To measure the heat capacity, temperatures and enthalpies of physical transitions of
TPCPB and PPPh, an adiabatic vacuum calorimeter designed and manufactured at the
Research Institute of Physicotechnical and Radiotechnical Measurements (Moscow)
was employed. The design and the operation procedure of the calorimeter are similar to
those described elsewhere [8]. It is to be noted that all measurements were automated
and monitored by a data acquisition system consisting of a computer, an ana-
log-to-digital and a digital-to-analog converter, and a switch. The calorimetric ampoule
is a thin-walled cylindrical vessel made from titanium with a volume of 1.5-10°° m’. Its
mass is 1.48:107 kg. Its heat capacity gradually changed from 0.001632 J K" at 5 K
to 1.324 J K" at 350 K. The temperature was measured with an iron-rhodium resistance
thermometer (R=100 Q) calibrated according to ITS-90 [9]. The difference in tempera-
tures between the ampoule and the adiabatic shield was controlled by a four-junction
copper-iron-chrome thermocouple. The sensitivity of the thermometric circuit was
1-107 K and that of the analog-to-digital converter 0.1 uV. The speed of the data acqui-
sition system was 10 measurements per second. The calorimeter was calibrated electri-
cally. The reliability of the calorimeter operation was tested by measuring the heat ca-
pacity of standard substances such as special purity copper, synthetic sapphire and K-1
benzoic acid prepared at D.I. Mendeleev Research Institute of Metrology (St. Peters-
burg) and standard measures. As the calibration and test results showed, the experimen-
tal error of the heat capacity C;? measurements for the substances at helium tempera-
tures was about 2%; with rising temperature up to 40 K, it decreased down to 0.4% and
was equal to 0.2% in the range from 40 to 350 K. Liquid helium and nitrogen were used
as cooling agents, and special purity helium as a heat-exchange gas.

The combustion enthalpies of both compounds were measured in a V-08 calorim-
eter with an isothermal shield and a static bomb improved at the Chemistry Institute of
the Nizhny Novgorod State University [10]. The calorimeter design, the calibration and
test results were published earlier [11, 12]. The energetic equivalent of the calorimeter
W=75873 ] "' was determined from the results of 10 experiments on the combustion
of K-1 benzoic acid prepared at the Research Institute of Metrology of the State Stan-
dard of RF. The reliability of the calorimeter operation was tested by the combustion of
standard succinic acid prepared also at the above Institute. Our measured value of the
combustion enthalpy of standard succinic acid AH , =1492.140.3 kJ mol ' coin-
cided with the value in the certificate AH°  =-1492.4+0.2 kJ mol™" within 0.017%.

comb

Results and discussion

Heat capacity

The heat capacity of TPCPB was measured over the range from 6 to 340 K and of
PPPh between 6.5 and 340 K. The sample masses located in the calorimetric ampoule
were 4.119 and 2.179 g, respectively. For TPCPB 172 experimental C;) values were
obtained in two series of measurements and for PPPh 153 values of the heat capacity
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were measured in two series. The heat capacity of TPCPB sample was from 25
to 50% and that of the sample of PPPh was from 25 to 30% of the total heat capacity
of the calorimeter and the substance. In both cases, the above values decreased as
temperature rose. The averaging of the experimental C values was made by means
of'a computer. In the case of TPCPB, the root-mean- square deviation of the C;) values
from the corresponding smoothed curves C, '=f(T") was +0.10% between 6 and 100 K
and £0.03% in the range from 100 to 340 K the deviation of the C values of PPPh
was equal to £0.07% between 6 and 90 K and £0.03% from 90 to 340 K.

The experimental C; values and the averaged curves Cf =f(T') for TPCPB and
PPPh are shown in Figs 1 and 2. It can be seen that the temperature dependences of
the heat capacity for both compounds have no any peculiarities: the C]f values gradu-
ally increase with rising temperature.
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Fig. 1 Heat capacity of crystalline 1,4-bis(2,4,5-triphenylcyclopentadienone-3-yl)benzene

1000 / 5
. 800 :
(=] 7
v
_IE 600 WM”
¥4 &
=] r
200 y
0 /f .. "
0 100 200 300
Temperature/K

Fig. 2 Heat capacity of phenylated polyphenylene

For PPPh under study the estimation of the fractal dimension D [13], the most
important value in the fractal variant of the Debye theory of the heat capacity for solid
bodies [13, 14], seemed to be of interest. The D value allows the judgement about the
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character of the solid body heterodynamics. The value of D can be obtained from the
plot InCy, vs. InT that follows from the expression [13]:

Cy=3D(D+ DNy (D+1)g(DH1)(T/B ) )

where k is the Boltzmann constant, /V is the number of atoms in a molecule or a repeat-
ing monomer unit of a polymer, y(D+1) is the y-function, (D+1) is the &-function of
Rimann and 6,,, is the maximum characteristic temperature. For a concrete solid body
3D(D+1)kNy(D+1)E(D+1)=A is the constant and Eq. (2) can be described as follows:

InC,=InA+DIn(T/0,may) 3)

It can be assumed without a noticeable uncertainty that at 7<50 K for PPPh, like
other monomeric and polymeric compounds [15], C [? =C_ and then, using the experi-
mental data on the heat capacity, we obtain D=1.8 over the range from 8 to 15 K and
D=1.4 between 25 and 50 K. It is known [16] that for chain solid bodies D=1, for
layer ones D=2 and for bodies of a spatial structure D=3. Since for PPPh D=1.4 in the
interval from 25 to 50 K and perhaps, at 7>50 K it may be concluded that PPPh is a
layer-chain polymer. The increase in the D value up to 1.8 with lowering temperature
from 25 to § K is quite natural due to the enhancement of the intermolecular interac-
tion as temperature drops. At the lowest temperatures for solid bodies of any structure

D=3 that corresponds to the Debye 7°-law.

Thermodynamic functions

To calculate the thermodynamic functions the C ;) values of the substances under in-
vestigation were extrapolated from 7 to 0 K for TPCPB and from 5 to 0 K for PPPh
using the Debye function for the heat capacity:

C'=nD(Op/T) (4)

where D denotes the Debye function of the heat capacity, ® and ®p are adjustable pa-
rameters. For TPCPB n=7, ®p=60.30 K and for PPPh n=5 and ®p=39.41 K. Equa-
tion (4) describes the experimental C 1? values for TPCPB in the range from 7 to 11 K
with an uncertainty of £0.9% and in the case of PPPh within about 0.5% between 5
and 8 K. It was assumed that at 7<7 K and 7<5 K, respectively, Eq. (4) reproduces
the C 1? values of both compounds with an uncertainty not exceeding the error of the
experimental C; values, i.e. within 2%.

The thermodynamic functions were calculated from the data of the relation
C ; =f(T) (Tables 1 and 2) according to the procedure demonstrated earlier [17]. By
our estimation, the uncertainty of the thermodynamic function values is from 2
t0 0.5% at 7<30 K, 0.5-0.2% between 30 and 80 K and 0.2% in the range 80 to 340 K.
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Table 1 Thermodynamic functions of 1,4-bis(2,4,5-triphenylcyclopentadienone-3-yl)benzene
(M=690.84 g mol ")

T/ g;’/ L HO(T)—HOSO)/ Sj(T)/ L —[GO(T)—Hj’l(O)]/
K JK ™ mol kJ mol JK ™ mol kJ mol
5 2.568 0.0032 0.8604 0.00108
10 15.31 0.0446 6.088 0.01625
15 33.79 0.1662 15.69 0.06908
20 55.28 0.3891 28.28 0.1765
25 76.31 0.7184 42.95 0.3553
30 96.76 1.152 58.71 0.6098
35 115.9 1.684 75.07 0.9440
40 133.7 2308 91.72 1.361
45 150.4 3.018 108.4 1.861
50 166.2 3.810 125.1 2.445
60 196.2 5.623 158.1 3.862
70 224.9 7.73 190.5 5.605
80 250.8 10.11 2223 7.670
90 274.8 12.74 253.2 10.05
100 297.9 15.61 283.4 12.73
110 320.6 18.70 312.9 15.71
120 343.1 22.02 341.7 18.99
130 365.4 25.56 370.1 22.55
140 388.0 29.33 398.0 26.39
150 410.8 33.32 4255 30.50
160 434.1 37.55 4528 34.90
170 4578 42.01 479.8 39.56
180 482.1 46.70 506.6 4449
190 506.9 51.65 533.4 49.69
200 532.2 56.84 560.0 55.16
210 558.0 62.30 586.6 60.89
220 584.2 68.01 613.2 66.89
230 610.5 73.98 639.7 73.15
240 636.9 80.22 666.3 79.69
250 663.2 86.72 692.8 86.48
260 689.3 93.48 719.3 93.54
270 714.9 100.50 745.8 100.9
280 740.1 107.80 772.3 108.5
290 764.9 115.30 798.7 116.3
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Table 1 Continued

T/ cyl H'(T)-H"(0)/ STy —[GU(T)-H"(0))/
K JK ' mol™ kJ mol ™ TK ' mol™ kJ mol ™
298.15 784.9 121.6 820.1 122.9

300 789.4 123.1 825.0 124.4

310 813.9 131.1 851.3 132.8
320 838.7 139.4 877.5 1415

330 864.4 147.9 903.7 150.4

340 891.8 156.6 929.9 159.5

Table 2 Thermodynamic functions of phenylated polyphenylene (=760.976 g mol™")

0 0
K PSP o I U (R T
5 6.0 0.0080 2.14 0.00274
10 23.8 0.0794 11.34 0.03398
15 46.3 0.2512 24.97 0.1234
20 70.1 0.5428 41.58 0.2888
25 92.63 0.9499 59.66 0.5415
30 114.3 1.468 78.49 0.8869
35 134.9 2.091 97.67 1.327
40 154.0 2.814 116.9 1.864
45 171.6 3.629 136.1 2.497
50 187.9 4.528 155.0 3.225
60 218.7 6.562 192.1 4.961
70 248.3 8.898 228.0 7.062
80 276.2 11.52 263.0 9.518
90 300.8 14.41 297.0 12.32
100 327.5 17.55 330.1 15.46
110 353.2 20.96 362.5 18.92
120 378.3 24.61 3943 22.70
130 403.6 28.52 425.6 26.80
140 429.6 32.69 456.4 31.21
150 456.5 37.12 487.0 35.93
160 484.2 41.82 517.3 40.95
170 512.7 46.81 547.5 46.28
180 541.8 52.07 577.6 51.90
190 571.2 57.64 607.7 57.83
200 601.0 63.50 637.8 64.06
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Table 2 Continued

T/ Cyl H'(T)-H"(0)/ SUT)-S°0)/ —[GUT-H(0))/
K JK ! mol™ kJ mol ™ TK ' mol™! kJ mol ™!
210 631.0 69.66 667.8 70.58
220 661.2 76.12 697.9 77.41
230 691.7 82.89 727.9 84.54
240 7225 89.96 758.0 91.97
250 753.8 97.34 788.1 99.7
260 785.6 105.0 818.3 107.7
270 817.9 113.1 848.6 116.1
280 850.8 121.4 878.9 124.7
290 884.2 130.1 909.4 133.6
298.15 911.5 137.4 934.2 141.2
300 917.8 139.1 939.9 142.9
310 951.4 148.4 970.5 152.4
320 984.5 158.1 1001.0 162.3
330 1016.0 168.1 1032.0 172.5
340 1046.0 178.4 1063.0 182.9

Thermodynamic characteristics

The experimental data on the determination of the combustion energies of TPCPB and
PPPh are given in Tables 3 and 4. The following symbols were used in these Tables:
m(TPCPB), m(PPPh), m(par), m(pe) and m(cot.thr.) are the masses of the samples stud-
ied, auxiliary substances such as paraffin (par), polyethylene (pe) and a cotton thread
(cot.thr.), respectively; W is the energetic equivalent of the calorimeter; AR+A(AR) is
the change in the resistance of the platinum thermometer corrected for the heat ex-
change; AU,onp 1S the total energy amount released on burning of the substances in ex-
periments carried out in a calorimetric bomb; AUouy(TPCPB), AUcom,(PPPh),
AUcomp(par), AUcomp(pe), AUcomp(cot.thr.), AU{HNO3) are the energy amounts liberated
in experiments under the same physical conditions on the combustion of the samples
studied, paraffin, polyethylene and the cotton thread (used to fire the substance) and the
energy of formation of nitric acid solution, respectively; m(CO2)expy/m(CO2)cacX100% is
the ratio of the amounts of CO, found in the combustion products of the monomer and
the polymer to the amounts of CO, calculated from their chemical formulae;
AUomp(TPCPB) and AU.omp(PPPh) are the molar energies of combustion carried out in
a calorimetric bomb. In all experiments, complete combustion of the main and auxil-
iary substances occurred. In the calculation of the AU.omy(TPCPB) and AU, qm,(PPPh)
values, the common thermochemical corrections for the combustion of paraffin, poly-
ethylene, the cotton thread and for the formation of HNOj; solution were made. The val-
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ues of AU.omp and the combustion energy at standard pressure AU Coomb are given with a
double root-mean-square error estimated by means of Eq. (5):

8=2(=y*/n(n-1)"* (5)

where y is the deviation of each value from the average and » is the number of experi-
ments. The AU, value was calculated on the basis of the average magnitudes of the
combustion energies AU.omp of TPCPB and PPPh.

The enthalpies of combustion, enthalpies, entropies and Gibbs functions of for-
mation of TPCPB and PPPh are listed in Table 5. The value of AH_,  was evaluated
from the combustion energy at standard pressure AU . as described in [11]. While
calculating the enthalpy of formation AH, the standard enthalpies of formation of
liquid water and gaseous carbon dioxide cited in work [ 18] were used. The entropy of
formation was estimated from the values of the entropies of TPCPB and PPPh (Ta-
bles 1 and 2) and literature data [18] on the entropies of gaseous hydrogen and oxy-
gen as well as crystalline carbon in the form of graphite. The values of zero entropies
5°(0) for amorphous PPPh were neglected. The Gibbs function of formation was cal-
culated from the values of AH; and AS;. All the values given in Table 5 conform to

reactions (6) and (7):
52C(gr)+27Hx(g)+02(g)=Cs:H340:(cr) (6)
60C(gr)+20Hx(g)=-[-CooHao-]-(a) (7
The physical states of the reagents are given in brackets (¢ — crystalline, g — gas-

eous, @ — amorphous, gr — graphite).

Table 5 Enthalpies of combustion and thermodynamic parameters of formation of 1,4-bis(2,4,5-tri-
phenylcyclopentadienone-3-yl)benzene (TPCPB) and phenylated polyphenylene(PPPh);
7=298.15 K, p=101.325 kPa

Compound —AH’  /AJmol' AH/kImol' —AS'/TK'mol’ —AGYkImol" Igk!

TPCPB 26011.149.6 689.5+9.6 1902.3£1.8 125649.8 507
PPPh 29747.8+37.2 387.7437.2 2020.6+2.0 989+37 399

Thermodynamic characteristics of synthesis reaction of phenylated polyphenylene

The enthalpy AH?, entropy AS? and the standard Gibbs function AG,” of PPPh syn-
thesis are given in Table 6. The reaction scheme is illustrated above. The enthalpy of
reaction at 7=298.15 K (AH =-985.6 kJ mol ') was calculated from the enthalpies of
formation of reagents TPCPB and PPPh obtained in the present work, p-diethynyl-
benzene and carbon oxide taken from [3, 18], respectively. At other temperatures
AH was calculated using Kirchhoff’s expression. The temperature dependences of
heat capacities, enthalpies of physical transformations of the reagents are taken for
DEB from [3], carbon oxide from works [5, 6], (they are shown in Figs 3 and 4) and
for TPCPB and PPPh they are listed in Tables 1 and 2 of the present paper. The en-
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Fig. 3 Heat capacity of crystalline p-diecthynylbenzene [3]
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Fig. 4 Heat capacity of carbon monoxide [5, 6]

tropy of reaction AS!” was evaluated on the basis of absolute values of the entropies
for the reagents. The absolute entropies of DEB and carbon oxide were taken from
works [3, 5, 6] and for TPCPB and PPPh those are given in Tables 1 and 2. The 5°(0)
value of the polymer in an amorphous state as in the calculation of its AS, was ig-
nored. The standard Gibbs functions AG’ were estimated from the AH” and AS val-
ues at the corresponding temperatures. It is seen that the values of the standard Gibbs
function of reaction are everywhere negative and judging by its absolute magnitudes,
one may arrive at a virtually total shift of the equilibrium towards the formation of the
reaction products. The entropy of reaction is always positive that is, certainly, caused
by the liberation of two moles of carbon monoxide. The entropy of their formation
substantially exceeds the decrease of entropy which accompanies the formation of
PPPh from TPCPB and DEB. The enthalpy of reaction is negative, and it is obvious
that it accounts for the main part of the Gibbs function. The contribution of the en-
tropy factor to the value of AG! is relatively small. Since AH’<0and AS”>0it is clear
that with rising temperature of the reaction the AG? value decreases too. This implies
that the process of PPPh synthesis has neither upper nor lower limiting temperature
and that PPPh formed is thermodynamically stable relative to depolycondensa-
tion [17]. Thus, in the present work a complex thermodynamic analysis of the new
promising polymer PPPh, the initial comonomer TPCPB and the synthesis reaction of
the above polymer was made for the first time from the precision calorimetry data in
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the range 0 to 340 K at standard pressure. The results obtained can be used in the de-
sign of the technology of PPPh synthesis and its optimization, the choice of physico-
chemical conditions of its practical application and in a wide variety of thermody-
namic calculations of reactions involving PPPh.

Table 6 Thermodynamic characteristics of synthesis reaction of phenylated polyphenylene
C52H3402+C10H6—)C60H40+2CO; p= 101.325 kPa

T/K Physical states of reagents ~ —AH/kJmol”  AS°/TK”' mol”"  —AG"/kJ mol™
0 cr, cry p.cr.; crll 1006 0 1006
100 cr, cry p.cry crll 986 309 1017
200 cr,cry p.cr, g 986 314 1048
298.15 cr, cry p.cr, g 985 315 1079
340 cr, cry p.cr, g 971 319 1079
* ok %
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