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Thermodynamics of the reaction between poly-l,l,2-trichlorobuta-l,3- 
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Thermodynamic parameters of the interpolymer reaction between poly- I, 1,2-trichlorobuta- 
1,3-diene and poly(ethylene imine) giving a polymer-polymer compound (incorporating the 
starting components in a molar ratio of I :  2) have been determined by calorimetry. The 
enthalpy (AH~0, entropy (A~n), and Gibbs fimction (AG~J for this reaction are negative 
over the whole temperature range studied. The enthalpy of the reaction in chloroform 
at 298.15 K is about two times smaller, due to the difference in the enthalpies of dissolution 
of the starting polymers and the enthalpy of swelling of the interpolymer in the same solvent, 
The glass transition temperature of the interpolymer lies between those of the starting 
polymers and coincides with the value calculated from the Fox equation. The heat capacity 
of the interpolymer is smaller than additive values calculated from C~ of the starting 
polymers. From the experimentally determined Cp ° for the polymers, the thermodynamic 
functions Cp°(T), //°(7") - H°(O), and 5'*(7") were calculated for the 0--330 K temperature 
range, and their configurational entropies S~ were estimated. 

Key words: interpolymer; enthalpy, entropy, Gibbs free energy; enthalpy of dissolution 
and swelling; glass transition temperature; calorimeter. 

Interact ion of  macromolecu les  to give po lymer - -  
po lymer  compounds  ( interpolymers)  is possible in those 
cases where chemica l  or  hydrogen bonds arise between 
them or  where they form charge transfer complexes.  ! -4  
In previous studies,  4 - s  t he rmodynamic  parameters  of  
some reactions yielding interpolymers  due to in termo-  
lecular hydrogen bonds have been studied; and general 
and specific features o f  the the rmodynamics  of  inter- 
po lymer  react ions of  this type have been identif ied and 
formulated.  

However,  t he rmodynamic  parameters  of  the inter- 
po lymer  react ions in which interpolymers  are formed 
through chemica l  bonds between macromolecules  have 
not been studied. No  data on the the rmodynamic  prop-  
erties of  the cor respending  interpolymers  or on the 
relat ionship between these propert ies  and the propert ies 
of  the initial polymers  have been published. In the 
present work, to take the first step in the investigation of  
the the rmodynamics  of  interpolymers  of  this type, we 
studied by ca lor imet ry  the rmodynamic  parameters  of 
the react ion between poly-  I, 1 ,2- t r ichlorobuta-  1,3-diene 
(PTCB)  and poly(e thylene  imine) (PEI)  and the rmody-  
n a m i c  p r o p e r t i e s  o f  the  resu l t ing  i n t e r p o l y m e r  
PTCB • 2 PEI (IP)  and of  the starting polymers  in the 
5--330 K range tmder  a s tandard pressure. In part icular,  

tempera ture  dependences  of  heat capaci ty  Cp ° were 
studied, and temperatures  and enthalpies  of  physical 
t ransformations of  the polymers were measured;  the 
enthalpies  of  the reaction PTCB + 2 PE! ~ PTCB • 2 
PEI in chloroform,  the enthalpies  of  dissolution of  
PTCB and PEI,  and the enthalpy of  swelling of  IP in the 
same solvent at T = 298.15 K were measured.  The re- 
sults obtained were used to calculate the the rmodynamic  
functions Cp°(T), H°(7) - H°(0), and ~ ( 7 )  for the 0-  
330 K range as well as the standard the rmochemica l  
parameters,  i.e., enthalpies (AfH]m), entropies (AlbUm), 
and free Gibbs  energies (AfG m) for the in terpolymer  
reaction carried out without a solvent in the same 
tempera ture  range. 

Experimental 

PTCB was prepared from the corresponding monomer by 
the procedure described in a previous paper. 9 To keep PEI 
(commercial sample) away from moisture, it was stored in a 
vacuum desiccator over P2Os. The procedure for the prepara- 
tion of IP was described in a known paper, t0 The initial PTCB 
and PEI were introduced into the reaction in a stoichiometric 
molar ratio of 33 : 67%. The reaction was carried out in a 2% 
solution in chloroform at room temperature for 72 h. The 
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Table I. Main characteristics of the studied polymers 

Polymer i ' ~  M*/g tool - I  Found (%) 
Calculated 

C H N CI 

Poly- I, 1,2-trichlorobuta- 
diene (PTCB) 

Poly(ethylene imine) 
(PEI)  

Interpolymer (IP) or 
PTCB.2PEI 

,3- 6 .104 157.427 31.10 2.03 -- 66.76 
30.51 1.92 -- 65.57 

1"104 43.070 55.75 11.67 31.48 -- 
55.79 11.70 32.51 -- 

-- 243.563 38.87** 5.07 11.06 45.00 
39.40 5.37 11.49 43.74 

* The weight of  the repeahng monomeric  trait. *" Found from the difference between the precise 
weight of a sample and the weights of CI, N, and H that it includes. 

resulting black insoluble precipitate was filtered off, washed 
with chloroform, and dried in vacuo to a constant  weight. The 
weight of  the [ P formed was ~96% of the sum of the weights of 
PTCB and PEI taken for the reaction. The composit ion of the 
IP obtained corresponded to the PTCB and PEI repeating 
units being present in a molar ratio of  l : 2. The main charac- 
teristics of the polymers studied are listed in Table I. The 
viscosity-average molecular weight of  PTCB was determined 
from the viscosi t ies  of  its so lu t ions  in ch lo ro fo rm at 
298 K, and that of  PEI was found from the viscosity of 
solutions in anhydrous ethanol  at 293 K. 

The temperature dependences of  heat capacity and the 
temperatures and enthalpies of  physical transformations were 
studied using a TAU-I  thermal setup, which is an adiabatic 
vactmm calorimeter. The design of  the calorimeter and the 
procedures for measurements  were described previously, tt The 
calibration and check of the setup showed that the error of  the 
measurements  of  the heat capacities of  substances at ti~mpera- 
tures close to that of  liquid helium is +2%;,when the tempera- 
ture increases to 40 K, the error decreases to 0.5%, and in the 
40--340 K range, t2 it does not exceed 0.2%. The enthalpy of 
the reaction and the enthalpies of dissolution and swelling of 
IP were studied using a D A K - I - I A  differential automatic 
microcalorimeter,  Ls operating under  isothermal condi t ions in 
the 300--470 K range. The lowest measurable power was 10 .6 
W and the maximum power was 0.3 W. The sensitivity of  the 
measuring scheme was 0.17 V/W. The error of  indlv;dual 
calorimetric measurements  was 4%, and the error of the 
average result, expressed as a confidence region of 95%, does 
not exceed 2%. 

The heat capacity of 1P was measured in the 4.5--336 K 
tenlperature range, that  of  PTCB was determined in the 4.4--  
333.5 K temperature range, and that of PEI was measured at 
13.8--339 K. 1'1 The weights of the polymer samples placed in 
the c a l o r i m e t e r  were 0 .5495"  10 .3 , 0 .3850"  10 -3, and  
9.9762" 10 -3 kg, respectively. For IP, 173 experimental  C~ 
values were obtained in 18 series corresponding to successive 
measurements  of heat capacity; in the case of PTCB, 150 
values were obtained in 17 series of experiments,  and in the 
case of PEI, 132 values were fotmd in 10 series. Heat capacity 
of the polymer samples was 35 to 60% of the overall heat 
capacity of  the calorimetric anapule with the substance. The 
Cp ° points obtained experimentally were averaged using a 
computer .  The root -mean-square  deviation of the Cp ° values 
from the corresponding averaging curves Cp ° = f (T)  did not 
exceed 0.4% in the 5--90 K tenlperattlre range or 0.2--0.3%; 
in the 90--330 K range. All the experimental Cp ° points and 
averaging curves are shown in Fig. I. 

To measure enthalpies, the polymers under study were 
placed into sealed thin-wall glass ampules, which were then 
broken in a solvent (chloroform) in a calorimetric tube t5 
(Fig. 2). The yield of the interpolymer was -100% in all runs. 

Results and Discussion 

In the  t e m p e r a t u r e  range  s tud ied ,  lP ,  P T C B ,  and  
PEI  exist  o n l y  in the  glassy and  h igh ly  e las t ic  s tates.  
G la s s  t r a n s i t i o n  is c lear ly  m a n i f e s t e d  o n  t he  Cp ° = f l  T) 
curves  (see Fig. 1) as the  LN, GJ, a n d  BD s e c t i o n s  on  
the  curves.  A v i r tua l ly  l i nea r  Cp ° = j ~ T )  p lo t  typ ica l  o f  
c h a i n  p o l y m e r s  is obse rved  in t he  7 0 - - 2 0 0  K t e m p e r a -  
tu re  range  for  PEI ,  in the  100 - -250  K r a n g e  for  P T C B ,  
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Fig. 1. Temperature dependences of the heat capacity of PEI 
( /)  in the glassy state (AC), in the highly elastic state (EF), and 
in the range of glass transition (BD). that for PTCB (2): in the 
glassy state (AH), in the highly elastic state (K[), and m the 
range of  glass transition (GJ); that for tile in terpolymer 
PTCB • 2PEI (3): in the glassy state (AA/), in the highly elastic 
state (PR),and in the range of glass transition (LN). 
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T a b l e  2. Results of the measurements of the enthalpies of the interpolymer reaction, of the 
dissolution of the initial polymers, and of the swelling of the restllting interpolymer in chloroform at 
T = 298.15 K 

Process* The number Concentration Enthalpy/kJ mol-i 

of nlns of the polymer, AH = tiC) C = 2% (w/w) 
C (%, w/w) 

PTCB(s) + 2PEI(s) ~ IP(s) 9 0.32--2.53" -AH ° = 3.22+4.47 4.44 
PTCB(g) ~PTCB(s) 9 0.13--2.20 - A ~  ° 0.61+0.84 0.60 
PEl(h.e.) ~PEI(s) 10 0.36--3.22 -AH2 ° = 2.18+5.77 280 
IP(g) ~lP(s.s.) 8 0.32--2.91 -AH3 ° = 3.31+3.41 3.24 

Note. The letters given in parentheses denote the physical states of the reactants: s, in solution- g, in 
the glassy state; h.e., in the highly elastic starer s.s., swelled in solution. * The total amount of the 
reacting polymers taken in a molar ratio of 33 : 67 is given. 

and at 100--170 K for I p.16 The heat capacities of the 
polymers increase smoothly as the temperature increases. 
The parameters of glass transition and glassy state are 
presented in Table 3. The temperatures of the beginning 
(T~,0) and the end ( T ~ ' )  of devitrification were found 
graphically (for example, for IP, these are points L and 
N in Fig. 1), while glass transition temperatures T~ 
were found from the plots of the temperature depen- 
dence of the entropy of polymers (see Ref. 17). The 
increase in the heat capacity during devitrification 
AC°p(T~) was also determined from plots, namely, by 
extrapolating the normal course of the heat capacity 
curves at T< ~ and T>  ~ up to T~. For example, in 
the case of IP, AC~(T~) is represented by section PM 
(see Fig. 1) resulting from extrapolation of curves AL 
and NR to T~. The configurational entropies Sc ° of the 
polymers were estimated based on the ACfl(T~) values 
using the formula 18 

$2 = AC~( T~)ln 1.29, (1) 

where 1.29 is a constant  found as the ratio of the glass 
transit ion temperature TG ° to the Kautsman tempera- 
ture 7"2 °. 

To calculate thermodynamic  functions (Table 4), the 
temperature dependences  of heat c"pacities of the poly- 
mers were extrapolated from the temperature at which 
the measurement  of Cp ° began to 0 K, according to the 
Debye function 

C.~ = nD(OD/7~ ,  (2) 

where D is the Debye heat capacity function, and n and 

Table 3. Glass transition parameters and glassy-state character- 
istics of PTCB, PEI, and PTCB" 2 PEI tinder standard pres- 
sure 

Polymer - T~,.o - 7~G" T~ ,~C~ ( T~) S~ 

K J mol -I K -i 

PTCB 250--320 304_+1 44.0 I I 
PEI 200--230 216+_1 46.9 12 
PTCB • 2 PEI 170--260 240+_1 63.7 16 

0 D are specially selected parameters. For IP and PTCB, 
n = 2 and 0 D = 54.19 and 57.75 K, respectively; for PEI, 
n = l . l  and 0 D = 9 5 . 1 0  K. Equation (2) describes the 
values measured for IP in the 6--9  K temperature range, 
those measured for PTCB in the 8--12 K range, and the 
values measured for PEI in the 14--20 K range with an 
error not exceeding 2%. In the calculations of the 
functions, we assumed that between the temperature of 
the beginning of the measurements and 0 K, this equa- 
tion makes it possible to determine heat capacity with 
approximately the same accuracy. The C~(T) values 
listed in Table 4 correspond to the C~ = f i T )  plot (see 
Fig. 1). The enthalpy / - F ( T ) -  H(0) and the entropy 
$0(7") were calculated from Eqs. (3) and (4): 

200 

100 

Co/J mol-i K-i 

I t 
100 200 T/K 

Fig. 2. Temperature dependences of the heat capacity of the 
interpolymer PTCB'2 PEI (/) and of the PTCB + 2 PEI 
additive mixture (2). 
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T a b l e  4. Thernmdynamic fimctions of PTCB, PEI, and PTCB • 2 PEI under standard pressure 

T/K Cp"( 73 5~( 70 Ha( 70 - H°(0) G°( 70 ~ (  70 
/J  mol  - I  K -1 /kJ  mol - I  /J  tool -I K -I  

PTCB (157,427 g tool -I)  

/ / o ( / 3  __ Ho(0) C1,°( 70 5~(73 ~(73 - H°(O) 
/kJ  mol  -I  /J mol  - I  K -I  /kJ  tool -I  

PEI (43.068 g tool - I )  PTCB " 2 PEI (243.563 g tool -I)  

0 0 II 0 0 12 0 0 16 0 
100 60.84 74 3.322 25.85 34 1.273 119.3 128 6.200 
200 99,95 130 11.52 49.58 59 4952 201.7 237 22.40 
298.15 133.5 176 22.98 106.0 95 14.02 355.5 347 50.03 
330* 179,4 193 28.43 109.9 106 17.46 381.3 385 61,77 

* The values above the dash refer to glassy polymers, those below the dash refer to the polyme~ in the highly elastic statc 

7" 

H"(T) - H(O) = IC, ,°(T)dT, 
0 

(3) T~ = WI" TG',+ W2" T£2 "(ACP"(TG2o / ACp°(TGj))o , (6) 

W I + (ACp°(TG2 / ACp°(TGj)) 

E 

S%T) = S°(0) + ICt,~(T)dlnT 
0 

(4) 

where Cp*(7) are temperature  dependences  of  heat ca- 
pacity of  the polymers  and 5"(0) are their  zero-poin t  
(residual) entropies ,  which were taken to be equal to Sc ° 
in the calculat ions of  the absolute values of  the entropy 
S°(7)  (see Ref. 18). 

Compar i son  o f  the properties of  IP with those of  the 
initial PTCB and PEI indicates that the  tempera ture  
range of  the Cp°- T t dependence  for IP is about half  
those for PTCB and PEI,  which is probably due to the 
fact that  IP contains  e lements  of  both planar  and three-  
d imensional  structttres, which, according to a previous 
paper ,  16 are charac te r ized  by C~~ T 2 and Cp °~  T 3 
dependences ,  respectively. The heat capaci ty  of  I P is 
lower than that  of  the corresponding mixture of  PTCB 
and PEI having the same composi t ion  (see Fig. 2). This 
difference between the heat capacit ies increases to 25% 
as the tempera ture  changes from 10 to 330 K. This is 
due to the fact that  the contr ibut icn of  the frequencies 
of  deformat ion  vibrations of  the PTCB and PEI l inear 
macromolecu les  to heat capacity decreases,  since the 
number  of  these vibrations decreases markedly when 
these l inear molecules  are bound into IP. The glass 
transit ion t empera tu re  of  1P lies between those of  the 
initial PTCB and PEI (see Table 3), which is typical of  
systems consis t ing of  t he rmodynamica l ly  compat ib le  
polymers  (copolymers)  or polymer  mixtures.19 The posi- 
tion of  T~ for these systems is de te rmined  by the glass 
transit ion tempera tures  of  the initial polymers  T~;,i and 
T~, 2 and by their  weight fractions W I and W 2. The 
dependence  for T~ is described adequately by the Fox :z° 
(5) and G o r d o n  zl (6) equations:  

I W I  + W2 (5) 
r~ - T(].l T8 2 

where AC~(T~.I) and AC~(T~.2) are the changes in 
heat capacit ies upon the devitrif ication of  the polymers.  

If  we subs t i tu t e  the mole  f r ac t ions  o f  PTCB 
( W  I = 0.35) and of  PEI ( W  2 = 0.65), cor responding to 
the composi t ion  of  IP, instead of  the weight fractions of  
the polymers,  into Eqs. (5) and (6) and the cor respond-  
ing AC~(T~) values (see Table 3) into Eq. (6), we obtain 
T~ = 239 and 243 K. These values are quite close to the 
value of  240+1 K found exper imenta l ly  (see Table 3). 
The AC~(T~) values for the polymers  are related to the 
energy of  exci tat ion of  the mot ion  of  segments  of  mac-  
romolecules  during devitrification. It can be seen from 
Table 3 that ACfl(T~) = 137.8 J mol - I  K -I  for an addi-  
tive mixture of  PTCB and PEI cor responding  to the 
s to ichiometry  of  IP, whereas the actual  AC~(T~) value 
for IP is 63.7 J tool - t  K - t .  The difference between these 
values character izes the loss of  segmential  mot ion  caused 
by binding PTCB and PEI into IP, which is also matched 
by a -20  J mol -I  K -I  decrease in the configurat ional  
entropy. 

The rmodynamic  parameters  of  the in te rpolymer  re- 
action in the bulk (m) are given in Table 5 

PTCB + 2PEI --,, PTCB . 2 PEI (IP) 

Table 5. Thernaodynamic functions for the fbrmation of 
interpolymer !n the reaction between PTCB and PEI in a 
molar ratio of repeating units of I : 2 under standard pressure 

T/K Reagents, -ASm ° -AHm ° -AGm ° 
PI* /kJ tool -I K -I /kJ tool -I 

0 g,g; g 19 6.4 6.4 
100 g,g; g 15 6. I 4.6 
200 g,g; g I 0 5.4 3.4 
298.15 g,h.e.; h.e. 19 7A 1.7 
330 h.e.,h.e.; h.e. 20 8.0 1.4 

* Physical state of the reactants: g, glassy;h.e., highly elastic. 
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The entha lpy  of  the reaction AHm ° at T = 298.15 K 
under  s tandard pressure was calculated from exper imen-  
tal data (see Table 2) using the following cycle of  trans- 
formations:  

PTCB(G) + 2 PEI (h.e.) ~'/'rm~ HFI (h.e.) 

PTCB(s) + 2 PEI (s) ~tro ~ IP (s.s.) 

According to the equation of the first principle of 
the rmodynamics  

As applied to this part icular  case, Eq. (7) can be 
represented as follows: 

AHI ° + 2 AH 2 +AHp - AH,, = 0. (8) 

If we solve Eq. (8) for AH m and substitute the numeri-  
cal values into it, we obtain AH I = - - 7 . 5  kJ tool - l .  The 
enthalphies for other  temperatures  were calculated using 
the Kirchhoff  formula 

E 
AHm°(T) =AHm(298.15 K) + ~ACv°(T)dT, (9) 

298.15K 

where 6Cp°(T) are t empera ture  dependences  for the 
difference between the heat capaci ty  o f  IP and those of  
the initial PTCB and PE1 (the heat capacit ies  of  the 
reactants are given in Table 4). The  ent ropy of  the 
process ASm°(T) was calcula ted from the absolute ent ro-  
pies of  the reactants,  and the Gibbs  free energy AGm°(7) 
was found from the enthalpy and ent ropy according to 
Eq. (10) 

A G,,,"(7) = ~tfm°(7) - T. ~S,,I"( 73. (10) 

The calcula t ions  led to negative values of  all the 
thermodynamic  parameters.  As the temperature  increases, 
the absolute values of  AHn] and AS~ increase,  because 
the AC,1](7) values are negative, whereas the values of  
AG,~] decrease.  In general ,  the manner  in which the rmo-  
dynamic  parameters  of  the in terpolymer  reaction con- 
sidered vary as functions of  the t empera ture  is s imilar  to 
that observed for additive polymer iza t ion  at mult iple 
bonds or involving opening  of  s trained rings, z2 
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