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Thermochemical properties of the salts of picric and dinitrobenzoic acids 
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The enthaIpies of formation and dissolution of the ammonium and guanidinium picrates 
and dinitrobenzoate were determined by precision calorimetry. On the basis of the data 
obtained, the enthalpies of formation of the anions of the acids in indefinitely diluted 
aqueous solutions were calculated and the enthalpy of formation of potassium picrate was 
estimated. 
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Es t ima t ion  o f  the  en tha lp i e s  o f  ion fo rmat ion ,  in 
par t i cu la r  organic  a n i o n s  in indef ini te ly  d i lu ted  solu-  
t ions ,  is one  of  the  mos t  i m p o r t a n t  p rob l ems  of  the 
t h e r m o c h e m i s t r y  of  so lu t ions .  

C o m b i n i n g  the  t e c h n i q u e s  of  b u r n i n g  ca lo r imet ry  
and  d i sso lu t ion  ca lo r imet ry ,  one  can  e s t ima te  not  only 
the  en tha lp ies  of  f o r m a t i o n  o f  novel  ions bu t  also cor rec t  
the  values d e t e r m i n e d  previously.  This  is i m p o r t a n t  in 
those  cases where  the  pur i ty  grade o f  a subs t ance  u n d e r  
s tudy c a n n o t  be es tabl i shed.  S ince  the  e n t h a l p y  of  for-  
m a t i o n  o f  a salt is u n a m b i g u o u s l y  c o n n e c t e d  to the  
en tha lp ies  o f  f o r m a t i o n  o f  its cons t i t uen t  ions  in indef i -  
ni tely d i lu ted  aqueous  so lu t ions  by the  e n t h a l p y  o f  dis- 
so lu t ion  (Eq. (1)) ,  the  c o i n c i d e n c e  o f  the  values of  the  
en tha lpy  of  ion f o r m a t i o n  based  on  the  da ta  for two or  
more  c o m p o u n d s  c o n t a i n i n g  this  ion is a rel iable guar-  
an tee  for co r rec tness  of  the  e s t ima t ion  o f  en tha lp ies  o f  
fo rma t ion  o f  the subs tances  s tudied:  

AH~r(CatAn)cr + A/4~sol(CatAn)cr = 

= AH f(Cat )aq + AH~ (1) 

where AH~ and  AH~ are the  en -  
tha lp ies  of  f o rma t ion  and  d isso lu t ion  of  the  salt in the 
crystal l ine s tate  (cr);  AH~ and  AH~ are 
the  en tha lp i e s  of  f o r m a t i o n  o f  a ca t ion  a n d  a n  an ion  of  a 
salt  in an indef ini te ly  d i lu ted  so lu t ion  (aq) .  

Experimental 

The enthalpies of combustion of organic salts were deter- 
mined on an AKS-3 automatic calorimeter according to the 
procedure described previously. ! In some cases, the enthalpy 
was measured on an automatic calorimeter with an isothermic 
jacket designed z by the N. N. Semenov Institute of Chemical 
Physics, Russian Academy of Sciences. The calorimeters were 
calibrated with the use of standard benzoic acid of K-I grade 

produced by the D. I. Mendeleev Research Institute of Me- 
trology. The absence of a fixed error in the measurements was 
verified by combustion of the second standard, hippuric acid. 3 

The salts in the form of pressed pellets were burned in a 
bomb under a standard oxygen pressure of 30 atm. The 
ignition was induced by a current pulse from a capacitor 
through a platinum coil with a wire diameter of 0.1 mm which 
was put on the pellet. The energy of ignition in the AKS-3 
calorimeter was determined from the initial and final voltages 
of the capacitor. In the case of the calorimeter with an 
isothermic jacket, the capacitor was discharged to zero; the 
energy of ignition remained constant as in the calibration 
experiments. 

Some measurements were carried out in parallel on two 
calorimeters. For these cases, the change in the resistance of 
the thermometer (R) for the calorimeter with an isothermic 
jacket and the number of pulses of  the integrator (N) for the 
AKS-3 calorimeter are shown in the tables. 

The enthalpies of dissolution were measured on a hermeti- 
cally sealed swinging reaction calorimeter with an isothermic 
jacket. 4 The accuracy of measurements on the reaction calorim- 
eter was verified by the heats of dissolution of KCI in water. At 
a KCI : H20 ratio equal to I : 1100, the heat of dissolution of 
KCI was 4190.05:2.4 cat tool - l ,  which is in good agreement 
with the recommended 5 value of 4191.2:t:2.2 cal tool - l .  The 
error is expressed hereafter in the form of twice the root-mean- 
square deviation from the average value with a confidence 
interval of 0.95. The calorimeter was calibrated by the current 
before and after dissolution of the substance. The average value 
of the energy equivalent was taken for calculations. 

Prior to dissolution, substances were placed in preweighed 
thin-walled glass ampules with ground-glass joints. The am- 
pules were attached to a high-vacuum system and placed into 
thermostatted furnaces. ARer drying off the substance at the 
corresponding temperature, the ampules were scaled with a 
thin flame of a gas burner with the use of a gadget protecting 
the substance from overheating. Prior to burning and dissolu- 
tion, the substances were weighed on a Bunge balance with an 
accuracy of 2- I0 -6 g. 

Tables 1--4 present the experimental data on the energies 
of combustion and the enthalpies of dissolution of the salts 
studied. 
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Table I. The energies of combt,stion ( -AU '  B) of the salts of 
picric acids 

m o AT/N q8 qig,, qN Q -AU'8  

Ammonium picrate 

0.093360 3.5991 634.50 2.07 895.06 2768.8 
0.100425 3.6564 629.09 1.93 909.30 2771.1 
0,223874 78.19 1.0l 1.59 622.61 2769.5 
0.221996 47.54 [.01 1.12 617.44 2771.7 
0.107905 82.01 340.65 1.01 1.23 641.82 2770.3 

2770.3• 

Guanidinium picrate 

0.181157 66.77 1.01 2.73 531.68 2914.2 
0.192578 71.12 1.01 3.23 566.31 2918.7 
0.177389 65.41 1.01 2.79 520_85 2914.8 
0.189061 70.89 1.01 1.93 554.79 2918.9 
0.197867 74.22 1.00 2.40 580.85 2918.4 

2917.0• 

Notes. m is the weighed portion of a substance reduced to 
weight in vacuum, g; A T is the change in temperature during 
the run, arbitrary degrees (the change in the voltage on the 
resistance thermometer); N is the number of  pulses on the 
AKS-3 integrator; qB is the heat of combustion of the auxiliary 
substance, benzoic acid, cal; qw, is the heat of ignition in the 
AKS-3, cal; qN is the correction for the formation of nitric 
acid, cal; Q is the overall heat release during the run, cal; AU" 8 
is the energy of combustion in the bomb, cal g-I. 

Table 2. The enthalpies of dissolution (A/Psol) of the salts of 
picric acid 

m 0 -A  T Q qv AH~ Cm 

Ammonium picrate 

0.153193 0.15590 7.0029 0.0081 11.24 0.006 
0.089144 0.09106 4.0903 0.0089 11.27 0.003 
0.077088 0.07876 3.5263 0.0087 11.23 0.003 
0.150541 0.15303 6.8810 0.0086 11.24 0.006 
0.078990 0.08090 3.6377 0.0087 11.31 0.003 

ll .25• 

Guanidinium picrate 

0.006980 0.00803 0.3616 0.0091 14.55 0.0002 
0.007099 0.00821 0.3696 0.0088 14.65 0.0002 
0.009340 0.01093 0.4920 0.0091 14.59 0.0003 
0.011017 0.01280 0.5762 0.0085 14.71 0.0004 

14.635:0.07 

Po~ssium picrate 

0.151074 0.1492 3.0792 0.0092 11.89 0.003 
0.081874 0.0811 4.6629 0.0090 11.93 0.004 
0.217154 0.2146 5.7737 0.0091 12.00 0.005 
0.207385 0.2065 3.6217 0.0086 11.96 0.003 

11.87• 

Notes. qv is the correction for the water evaporation into a free 
volume of the ampule in the calorimeter for dissolution, cal; 
AH%o t is the enthalpy of dissolution of the salt, kcal tool-I; C m 
is the molality of the solution, tool (1000 g of a solvent) -I. 
For other designations, see Table 1. 

Corrections for the reduction of the energy of combustion 
to the standard conditions were used during caIcttlation of the 

Table 3. The energies of combustion (-AU'B) of the salts of 
3,5-dinitrobenzoic acid 

m 0 N qign qN Q -A U' I] 

Ammonium 3,5-dinitrobenzoate 

0.129079 55.16 1.18 1.08 431.62 3326.3 
0.112580 48.10 1.19 1.05 376.37 3323.3 
0.119391 50.93 1.18 1.01 398.52 3319.6 
0.120668 51.57 1.19 1.08 403.52 3325.2 
0.125054 53.44 1.19 1.15 418.16 3325.1 

3323.9• 1.2 

G uanidinium 3,5-dinitrobenzoate 

0.127983 55.83 1.19 0.88 436.86 3397.3 
0.139543 60.87 1.02 1.28 476.30 3396.7 
0.115492 50.39 1.20 1.10 394.29 3394. l 
0.117335 51.23 1.19 1.16 400.87 3396.4 

3396.l+1.4 

Note. For designations, see Table 1. 

Table 4. The enthalpies of dissolution (AH%ot) of the salts of 
3,5-dinitrobenzoic acid 

m 0 - A T  Q qign ~'H~sol Cm 

Ammonium 3,5-dinitrobenzoate 

0.035202 0.03011 1.255 0.0091 8.11 0.002 
0.041310 0.03534 1.473 0.0100 8.11 0.002 
0.034726 0.02970 1.238 0.0100 8.10 0.002 

8.11+0.01 

Guanidinium 3,5-dinitrobenzoate 

0.026004 0.02496 1.0204 0.0089 10.55 0.001 
0.061505 0.05879 2.4034 0.0086 10.56 0.002 
0.053182 0.05095 2.0829 0.0090 10.58 0.002 
0.044605 0.04277 1.7485 0.0085 10.60 0.002 

10.575:0.02 

Note. For designations, see Tables 1 and 2. 

enthalpy of combustion. The enthalpies of formation of CO, 
(in the gaseous phase) and H20 in the liquid state were 
accepted to be -94.05 l and -68.315 kcal tool -1, respectively. 6 

Results and Discussion 

The  en tha lp i e s  o f  f o r m a t i o n  o f  the  c o m p o u n d s  u n d e r  
s tudy were ca lcu la ted  on  the  basis  o f  t he  expe r imen t a l  
da ta  on  the  en tha tp i e s  o f  c o m b u s t i o n  wi th  the  use of  the 
equa t ions  o f  the  reac t ions ;  t he  e n t h a l p i e s  are s h o w n  in 
Table  5. The  en tha lp i e s  o f  c o m b u s t i o n  and  d isso lu t ion  
are also s h o w n  in Table  5. E s t i m a t i o n  o f  the  en tha lp i e s  
of  d issolut ion a l lowed one  to  ca l cu l a t e  no t  on ly  the  
en tha lp ies  of  f o r m a t i o n  o f  o r g a n i c  a n i o n s  in an  indefi-  
ni tely di luted aqueous  so lu t ion  b u t  also to eva lua te  the  
reliability o f  the  en tha lp i e s  o f  f o r m a t i o n  found.  

According to Eq. (1), which  corre la tes  the  en tha lp ies  
of formation and  dissolution; o f  a salt  with the  enthalp ies  
of  format ion of  ions, the en tha lpy  o f  format ion  o f  an  iol~ 
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T a b l e  5. Thermochemical characteristics of the salts studied 
(kcal mol -I) 

C o m p o u n d  -~,H~c a &//~ b AH~ c 

O2N 

_ ~  679.09_+ I 1.25+_ -90.16+ 
NH4* -O NO 2 +0.25 -+0.02 -+0.25 

O2N 

O2N 
, t  

- ~ 836.83+ 14.63+ -94.79_+ 
C(NH2)3 § 0 NO2 _+0,59 +0.07 +_0.59 

O~N 

OzN 

_ ~  - -  1 1 . 8 7 +  - 1 1 9 . 1 7 +  
K § -o NO~ -+0.03 -+0.26 

O2N 
NO 2 

. _ ~  759.09+ 8.1 I+ -138.37-+ 
NH4* -OOC -+0.27 +0.01 _+0.27 

NO 2 

NO 2 
/ 

(NH2):3*C -OOC ~ 917.98++0.38 -+0.0210-57_+ --141.85+_1.0.38 
k 

NO 2 

a Standard enthalpy of combustion of the compound. 
t, Enthalpy of dissolution of the salt. 
c Standard enthalpy of formation of the compound. 

it] an indefinitely diluted solution obtained from thermo- 
chemical data for various salts containing this ion should 
be the same within the limits of experimental error. ' 

The enthalpies of dissolution of the salts of  picric 
acid relate to the following equation: 

02N 
" x .___ .  

Cat + - O - - ~ Q ? N O  2 (or.) --- 
/ - - -  

O2N O2N " ' v - - ,  

= Cat + (aq.) + - o ~ N O  2 (aq.) , (2) 

O2N 

where Cat * = NH4 +, K +, (NH2)2C=NH+~. 
The enthalpies of  dissolution of  the salts of 3,5-di- 

nitrobenzoic acid relate to the equation 

NO 2 

Cat4 OOC (cr)  --- 

NO2 ~ NO2 

Cat + (aq.) + - O O C - - ~  (aq.). (3) 

X 
NO 2 

Solutions with a molar concentration less than 0.05 
can be treated as indefinitely diluted solutions. 7 There- 
fore, all the enthalpies of dissolution measured can be 
assigned to indefinite dilution, because the molality of 
the solutions studied was varied from 0.006 to 0.0003; 
the two-to-threefold change in the concentration of  the 
substance within the accuracy of  measurements (0.01-- 
0.03 kcal tool - t )  did not affect the value of  the enthalpy 
of dissolution. In addition, corrections for the reduction 
to indefinite dilution calculated according to the Debye--  
Hiickel equation 8 are within the accuracy of measure- 
ments. 

The enthalpy of formation of  ammonium picrate was 
calculated from the experimental data on the energy of 
burning under the bomb condit ions according to the 
equation 

C6H6N407 (cr.) + 4 02 (g.) 

�9 " 6 CO 2 (g.) + 3 H20 (1.) + 3 N 2 (g.), (4) 

where g. and I. correspond to the gaseous and liquid 
states, respectively. The following values were obtained: 
AH~ = -679.09+0.25 kcal mol-~; An~ = -90 .16+  
0.25 kcal tool - t .  

The enthalpy of combustion of  guanidinium picrate 
was calculated according to the equation 

CzHsN607 (cr.) + 5.5 02 (g.) ~. 

,, 7 CO 2 (g.) + 4 H20 (I.) + 3 N 2 (g.) (5) 

and is equal to AH~ = -836.83+0.59  kcal too l - I ;  
A/-P r = -94.79+0.59 kcal mol - l .  

The enthalpy of combustion of  ammonium 3,5-di- 
nitrobenzoate was obtained according to Eq. (6) and is 
equal to -759.09+0.27 kcal mol - l :  

CTHrN306 (cr.) + 5.75 02 (g.) 

�9 " 7 CO 2 (g.) + 3.5 H20 (1.) + 1.5 N 2 (g.) (6) 

The standard enthalpy of  format ion o f  this salt is 
equal to -138.37+0.27 kcal tool - l .  

The enthalpy of combustion of  guanidinium 3,5-di- 
nitrobenzoate was determined according to Eq. (7) and 
is equal to -917.98+0.38 kcal mo l - l :  

CsHgNsO 6 (cr.) ~- 7.25 O 2 (g.) ,, 

�9 " 8 CO 2 (g.) + 4.5 H20 (I.} + 2,5 N 2 (g.) (7) 

The standard enthalpy of  formation of  this salt is 
equal to -141.85+0.39 kcal tool - t .  

With the use of the values of  enthalpies of formation 
and dissolution of  ammonium and guanidinium picrates, 
we obtained nearly the same values of the enthalpy of  
formation of picrate ion ( -47 .06+0.26  and -46 .92+  
0.63 kcal tool - l ,  respectively). Statistical treatment of 
these data taking into account the weighed errors 9 gives 
the value of the enthalpy of formation of  picrate ion 
equal to -47.04+0.24 kcal tool - t .  

Similarly, two values of  the enthalpy of  lbrmation of 
dinitrobenzooate anion were obtained from the thermo- 
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chemical  properties of a m m o n i u m  and guanidi -  
nium dinitrobenzooates (-98.41 +0.28 and -98 .16+  
0.40 kcal tool-t). Taking into account the weighted 
errors, we accepted -98.33+0.23 kcal tool -t  as the 
recommended value of the enthalpy of formation of 
dinitrobenzoate anion. Enthalpies of formation of am- 
monium and guan id in ium ions equal to -31.85_+ 
0.06 kcal tool -I and -33.24_+0.21 kcal tool - l ,  respec- 
tively, 6,1~ were taken for calculations. 

The estimation of the enthalpies of formation of 
organic anions extends the possibilities of experimental 
thermochemistry, because it allows one to obtain the 
enthalpies of formation of salts of these anions with 
various cations. Thus, the enthalpy of formation of 
potassium picrate was determined on the basis of the 
enthalpy of dissolution. 

The literature data on the enthalpies of formation of 
two salts, potassium and ammonium picrates, are avail- 
able. The enthalpy of formation of potassium picrate has 
been estimated lz previously from the heat of combus- 
tion equal to -116.5 kcal tool -1. The enthalpy of com- 
bustion of ammonium picrate measured t2 previously 
was 2762.1 cal g-I under the bomb conditions. When 
the corrections were taken into account, this value gave 
an enthalpy of formation equal to -92 .2  kcal tool - l .  
Thus, the enthalpies of formation of these salts were 
refined. 
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