
therm0chimica 
acta 

E L S E V I E R  Thermochimica Acta 278 (1996) 49 56 

The determination of the heats of combustion 
and the resonance energies of some substituted naphthalenes 

Mehmet Balcan *, Sevgi Arzik, Turhan Altunata 

Department of Chemistry, Faculty of Science, Eye University. 
35100 Bornova, lzmir, Turkey 

Received 28 May 1995; accepted 21 September 1995 

Abstract 

In this study, some heats of combustion and resonance energies for l-substituted naphthalenes 
have been determined. 

The heats of combustion of naphthalene, 1-naphthol, 1-naphthylamine, 1-methylnaphthalene, 
1-fluoronaphthalene, 1-naphthylacetate and 1-naphthoic acid were determined as 
1230.90+ 1.23, 1183.34+ 1.18, 1263.35 + 1.26, 1382.17+ 1.38, 1217.97 + 1.22, 1383.92+ 1.38, 
and 1221.49 +- 1.22 kcal mol - t respectively. The resonance energies of naphthalene, 1-naphthol, 
1-naphthylamine and 1-methylnaphthalene were calculated to be 74.0+ 1.2, 73.6_+ 1.2, 
53.5 +- 1.3, and 95.4 +- 1.4 kcal mol-  1 respectively. 

Keywords: Heat of combustion; Resonance energy; 1-substituted naphthalenes 

I. Introduction 

In this s tudy,  the heats  of combus t i on  of several  subs t i tu ted  naph tha lenes  have been 
de t e rmined  using an ad i aba t i c  b o m b  ca lor imeter ,  and  resonance  energies of these 
c o m p o u n d s  were ca lcu la ted  using heats  of combus t ion ,  l -Subs t i tu t ed  naph tha lenes  
were selected to invest igate  the effects on the resonance  energies of subs t i tuent  groups.  

A l though  there are a great  n u m b e r  of  theore t ica l  studies of resonance  energies of 
non-subs t i tu t ed  con juga ted  a r o m a t i c  compound s ,  exper imenta l  s tudies are  l imited 
[1 19]. Fu r the rmore ,  there  are  few works  on the resonance  energies of subs t i tu ted  
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conjugated aromatic compounds [20-30]. Calorimetry is a technique for measuring 
heat change. Several types of calorimeters have been devised, and adaptions have been 
made for special purpose [1, 2, 20, 31-40]. 

A quantitative measure of the stabilization of a delocalized molecule is provided by 
its resonance energy, which is defined as the difference in the energy between the 
delocalized and localized H-electron systems. 

The resonance energy of a substance CaHbOcNdSeClfBrglhF j can be calculated 
from the heat of combustion and also from other heats of reactions. 

The reaction of the combustion of this substance is shown as follows [22] E c] b - f - j + e _  O2(g) CaHbOcNdSeClfBrglhFj(g ) + a + ~ 

~ a C Oz (g  ) -~ b - f - J H 2 0 ( l  ) + d ~N2(g) + eSOz(g) 

h 
+fHCl(g)  + 2 BrE(g) + 2 I2(s) + jHF(g) + A kcal tool-  1 (1) 

The decomposition reaction of CaHbOcNaS~ClfBrgIhF j is 

C a H u O c N d S~ Clf Brg I h Fj (g) ~ aCl(g) + b H(g) + cO(g) 

+ dN(g) + eS(g) +fCl(g)  

+ 9Br(g) + hi(g) +jF(g)  

+ E kcal mol -  1 (2) 

We can obtain the energy E from the combustion reactions and the following other 
reactions 

aCO2(g ) ~ aC (graphite) + aO2(g ) - 94. la kcal 

aC (graphite) ~ aC(g) - 171.7a kcal 

[(b - f  - j ) /Z]H20(1 ) ~ [(b - f  - j ) / 2 ]  H2(g ) + [(b - f  - j ) / 4 ]  O2(g ) 

- 34.2(b - f  - j )  kcal 

(b/2)Hz(g) ~ bH(g) - 52.1b kcal 

(c/2)O2(g) ~ cO(g) - 59.2c kcal 

(d/2)N2(g) --* dN(g) - 85.6d kcal 

eSO2(g ) --* eS(rhombic) + eOz(g ) - 71.0e kcal 

eS(rhombic) ~ eS(g) - 53.3e kcal 

fHCl(g)--, (f/Z)Hz(g ) + (//2)C12(g) - 22.1f kcal 

(f/Z)C12(g) ~ fCl (g )  - 29.0f  kcal 

(9/2)Brz(g) --* 9Br(g) - 26.79 kcal 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

(12) 

(13) 
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(h/2)I2(s) ~ hi(g) - 25.5 h kcal (14) 

jHF(g)--* (j/2)H2(g) + (j/2)Fz(g) - 64.2j kcal (15) 

(j/2) V2(g ) ~ j  F(g) - 18.3 j kcal (16) 

If we add Eq. (1) to Eqs. (3)-(16) we get 

C~HbOcNdSeClfBrgIhFj(g) ~ aC(g) + bH(g)+ cO(g) 

eS(g) +fCl(g)  + gBr(gl 

hi(g) +jF(g)  + A 

- (265.8a + 86.3b + 59.2c 

+ 85.6d + 124.3e + 16.9f 

+ 26.79 + 25.5 h + 48.3j) kcal (17) 

Comparison of the right-side of Eq. (17) with Eq. (2) leads to 

E = A - (265.8a + 86.3b + 59.2c + 85.6d 

+ 124.3e + 16.9f + 26.79 + 25.5h + 48.3j) kcal (18) 

The energy E can be written as the total energy of the chemical bonds of the molecule 

E =  - ~ o i ( a -  B) (19) 

The energies of E and A belong to the molecule in the gas phase, and A is the 
theoretical combustion energy. If the molecule is in the solid or liquid phase, we must 
take account the phase transition enthalpies 

AHgas(combustion ) = AHsolid(COmbustion ) + AH'(phase transition) (20) 

Thus, the energy of resonance is 

R.E. = A(theoretical) - AH (experimental) (21 t 

The values of A and AH must be taken at 25°C. 

2. Experimental 

2.1. Chemicals and equipment 

Benzoic acid (National Bureau of Standards, Gaithersburg), naphthalene ( > 99%), 
1-naphthol (>  99%), 1-naphthylamine (>  99%), 1-naphthoic acid (99%), 1- 
fluoronaphthalene (99%), 1-methylnaphthalene (98%) and 1-naphthylacetate (98%) 
were purchased from Merck, Darmstad or Aldrich Chemical Co., Milwaukee. All 
chemicals were used as received. Solid chemicals were compressed into a pellet and 
liquid chemicals were put in an acetobutyrate capsule before combustion. The heats of 
combustion were measured using an IKA C 400 model adiabatic calorimeter. The 
changes in temperature were measured with a Beckman thermometer. 
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2.2. Method 

The total heat capcity of the calorimeter and its contents were determined using 
benzoic acid which has a well-known heat of combustion. The total heat capacity (C) of 
the calorimeter was calculated from the equation 

C - H BMB + Qwl 
At (22) 

where HB, the combustion enthalpy of benzoic acid, is 26464 + 3 J g -  1 at 25°C, M B is 
the weight of combusted benzoic acid, Qw is the heat of combustion of the wire used in 
experiments which is 6.3 J cm-1,  l is the length of combusted wire, and At = t 2 - t l ,  

where t 2 is the final temperature and t 1 is the initial temperature. 
The procedure used for the determination of the total heat capacity of the 

calorimeter and its content was repeated for all of the other experiments. In the 
experiments, five ml of water was placed in the bot tom of the bomb. The bomb was 
filled and emptied three times with 0 2 gas at 30 atm. The room temperature was held 
constant at 25°C during the experiment. 

After the combustion reaction, the residual liquid in the bomb was titrated with 
a standard solution of N a O H  using methyl orange indicator. Then the number of moles 
of HNO3, which was formed from the nitrogen impurity in the oxygen gas, was 
calculated. This gave a value of 4.0 × 10 -4 moles for every experiment 

1/2Nz(g) + 5/402(g) + 1/2H20(1 ) --* HNO3(aq) (23) 

The heat of this reaction E20] is 57.8 kJ mol-1 .  The heat of 4.0 x 10-4mol  H N O  3 
was calculated as 0.023 kJ m o l -  1. This represents 0.86% of the heat of combustion of 
the benzoic acid which was used in these experiments. 

The heat of formation of HNO3(aq) was assumed to be negligible for calculating the 
capacity of the calorimeter. 

The capacity of the calorimeter was determined as 9893.19 + 3.69J K 1. The Cp 
values of the studied chemicals were obtained or calculated from the literature. As the 
enthalpies of combustion of 1-naphthylamine and 1-fluoronaphthalene were deter- 
mined, all substituted groups in the molecules such as amine and fluoride could be 
expected to contribute to the total heat to some extent, due to the fact that the 
formation of H N O  3 and H F  caused the total heat in the bomb after the combustion 
process to rise. To calculate properly the heats of combustion of each molecule 
individually, it is obvious that the heats of formation of H N O  3 and HF should be 
subtracted from the heats of combustion of 1-naphthylamine and 1-fluoronaphthalene 
respectively. 

3. Results and discussion 

Naphthalene has the following properties: melting point, 80.5°C; boiling point, 218°C; 
Cp(solid)= 1 . 1 7 6 J g - l K  1 +0.464 x 10-2T J g - l K  2 [-25]; Cp(liquid)= 1.684Jg 1 
K -  i [25]; Cp(gas) = - 53.51 J m o l -  1 K -  1 + 0.703 T J  m o l -  1 K -  2 _ 347.4 x 10- 6 T 2 j 
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m o l -  1K 3 (this value was ca lcu la ted  from l i te ra ture  da t a  [21]); AHM rM (enthalpy of 
m e l t i n g ) = 1 8 7 7 6 . 4 5 J m o l - l [ 2 6 ] ;  AHTB (enthalpy of v a p o r i z a t i o n ) = 7 1 4 0 0 . 7 9 J  

m o l -  1 [26]. The  reac t ion  of combus t i on  of naph tha l ene  is 

CloHa(s )  + 120  2 ~ 10CO2(g) + 4H20(1) 

AE + Qw = CAt  (24) 

The  value of AE has been ca lcula ted  from Eq. (24). In this s tudy,  AE was de te rmined  to 
be 5155.05 + 5.16kJ mol  1. The  en tha lpy  of combus t ion  (AH) at cons tan t  pressure  
was ca lcula ted  from the k n o w n  value of A E : A H  = AE + AnR T, where An is the 
difference between the numbers  of  gas molecules  of reac tants  and  p roduc t s  in the 
combus t ion  react ion,  An = n C O 2 - n O  2 = - 2. The  value of AH in the solid phase  was 

ca lcu la ted  to be 5150.09 + 5.15kJ m o l i  at 25°C. 

AH25 c _ 25 c T f 5  C 
gas - -  A H s o l i d  q -  A H ~  [ C p ( 1 )  - Cp(s)]dT + A H v  ru + 

J r  M 

25 C 

+ [Cp(g) - Cp(1)] d r  
T B 

Cr(g ) - Cp(1) = - 268.86 + 0.703 T -  347.4 x 10 -6 T 2 

Cp(1) - Cp(s) = 65.02 - 0.5939 r 

AH2~, c = 5256.36 _. 5.15 kJ m o l -  

Thus  using Eqs. (2) and  Eq. (17) for naph tha lene  

CloHs(g)  --+ 10C(g) + 8H(g) 

E2a5 c = A 2aS s C __ (265.8a + 86.3 b) kcal  mol  -~ a = 10, b = 8 

E25 c = _ ~ D i (  A _ B) = - [5(C---C) + 6(C - C) + 8(C - H)] 
gas 

= A2a5 c _  3348.4 

Bond  energies [27] (kcal mol  1 ) a r e : C - - C ,  1 4 6 . 2 7 ; C - C ,  83.17;C H, 98.47. 

A25 c = 1330.27 kcal  mol  1 = 5565.85 kJ m o l -  l 

Resonance  energy = 5565.85 - 5256.36 = 309.49 +_+ 5.15 kJ m o l -  1 = 74.0 _+ t.2 

kcal  mol  - 1 
In re la ted l i te ra ture  [24], the value of  the resonance  energy of naph tha l ene  is given as 

75 kcal  m o l - x ;  therefore the above  me thod  m a y  be accepted  as reliable.  The o ther  
results  ob ta ined  for the subs t i tu ted  naph tha lenes  are l isted in Tables  1 and 2. 

In this work,  naph tha l ene  was chosen as a cont ro l  and  c ompa r i son  subs tance  
because  its en tha lpy  of  combus t i on  and  resonance  energy are known.  All of the values 
of the heat  capaci t ies  and  the heats  of phase  t rans i t ion  for the inves t iga ted  substances  
are  necessary for calcula t ions .  As there was insufficient data ,  in some cases the 
resonance  energies for all the included substances  were not  calculated.  F o r  l -me thy l -  
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Table 1 
Physical and chemical data of some substituted naphthalenes 

Naphthalene 
derivative 

Literature data and experimental results 
(Cp = A + B T  + C T 2 + ..) A/Jmol -  1 K 1, 
B/Jmol 1K 2, C/Jmol  I K - 3  

Ref. 

Naphthalene 
(solid) 

C ,oHs  

1-Naphthol 
(solid) 

C loHsO 

1-Naphthylamine 

(solid) 

CloHgN2 

1-Methylnaphthalene 

(liquid) 

Cl lH1o 

1-Fluoro-naphthalene 
(liquid) CIoHvF 

1-Naphthylacetate 

(solid) 

C12HloO2 

1-Naphthoic 
acid 
(solid) 

C11HsO2 

Cp(solid) = 150.75 + 0.5948 T 
Cp(liquid) = 215.87 
Cp(gas) = -53 .31  +0.703 T - 3 4 7 . 1 0  6 T 2 
Melting point, 80.5°C 
Boiling point, 218°C 
Heat of fusion, 18.776kJ mol a 
Heat of vaporization, 71.401 kJ mol-1  
AH2~s C(Combustion), 5256.36 + 5.15 kJ mo l -  1 
A ~s C(Combustion, theoretical), 5565.85 kJ mo l -  
Cv(solid) = 144.76 + 0.8867 T 
Cp(liquid) = 234.45 + 0.46 T 
Cp(gas) = - 45.73 + 0.742 T -  2.97 × 10 -a  T 2 
Melting point, 96°C 
Boiling point, 288°C 
Heat of fusion, 23.492 kJ mol 1 
Heat of vaporization, 59.436 kJ mol 1 
AH~s C(Combustion), 5094.46 + 4.95 kJ mol 
A2]s C(Combustion, theoretical), 5402.55 kJ mol 
Cp(solid) = 161.80 + 1.86 T 
Cp(liquid) = 280.08 + 1.396 x 10 2 T 
C p ( g a s ) = - 5 4 . 5 2 + 0 . 7 7 2 T - 3 . 8 1  × 10 47"2 
Melting point, 50°C 
Boiling point, 300.8°C 
Heat of fusion, 13.384kJ mo l -  * 
Heat of vaporization, 60.789 kJ mol -  
AH~s C(Combustion), 5392.13 + 5.29 kJ mol 
A2~, C(Combustion, theoretical), 5616.10 kJ m o l i  
Boiling point, 244.6°C 
Heat of vaporization, 46.024 kJ mol 1 
Heat of vaporization (at 25°C), 58.314 kJ mo l -  
A H ~  C(Combustion), 5829.02 ___ 5.83 kJ mol 1 
A~,Ss:C(Combustion, theoretical), 6228.02 kJ tool l 
Cp(liquid) = - 
Cp(gas) = - 52.93 + 72.95 × 10 z T -  18.14 × 10 5 T 2 
Heat of vaporization, 

Cp(solid) = 
Cp(liquid) = - 
Cp(gas) = -31 .21  +0.941 T -  0.435 × 10 -3 T 2 
Melting point, 45°C 
Boiling point 
Heat of fusion, - 
Cp(solid) = - 
Cp(liquid) = - 
Cp(gas) = - 38.26 + 0.814 T -  0.418 x 10 3 T 2 
Melting point, 161°C 
Boiling point, - 
Heat of vaporization, 94.480kJ mol 1 

[25] 
[25] 
[21] 

[26] 
[26] 

[22, 27] 
[25] 
[25] 
[21] 

[36] 
[26] 

[22,27] 
[25] 
[25] 
[21] 

[26] 
[26] 

[22, 27] 

[28] 
[28] 

[22,27] 
[21] 

[21] 

[21] 

[26] 
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Table 2 
Enthalpies of combustion and resonance energies of some substituted naphthalenes 

55 

Naphthalene 
derivative 

AHZ5 C(combustion)/kcalmol t Resonance energy/kcalmol 1 

This work Literature This work Literature 

Naphthalene 1231.8 [26] 
(solid) 1249.7 [22] 

1230.90+_ 1.23 1229.3 [23] 74.0+ 1.2 
1232.54 [23] 
1230.20 [23] 
1232.35 [23] 

1-Naphthol 1185.4 [26] 
(solid) 1183.34+ 1.18 1186.81 [23] 73.6+- 1.2 

1184.84 [23] 
1-Naphthylamine 1263.5 [26] 

1263.35 + 1.26 1283.6 [22] 53.5 +- 1.3 
(solid) 1264.1 [23] 
1-Methylnaphthalene 1382.17 +- 1.38 - 95.4 +- 1.4 
(liquid) 
l-Fluoronaphthalene 1217.97 _ 22 - 
(liquid) 
1-Naphthylacetate 1401.30 [23] 

1383.92+- 1.38 1397.30 [23] 
(solid) 
l-Naphthoic 
acid 1221,49 _+ 1.22 1231.8 [26] 
(solid) 1228.11 [23] 

61.0 [22] 
75.0 [24] 

64 [22] 

n a p h t h a l e n e ,  the c a l cu l a t i o n  of A H  25 c was m a d e  us ing  gas phase  va lues  of the Cp 

d e t e r m i n e d  by  spec t roscop ic  d a t a  a n d  wi th  the  a id  of the  Ki rchof f  equa t i on .  The  
o b t a i n e d  resul t  is very close to the  p rev ious ly  r epo r t ed  l i t e ra ture  va lue  [28].  W h i c h e v e r  
va lue  of  A H  2s c was used,  n o  effect was seen in the  va lue  of the r e sonance  energy.  

F r o m  these results ,  it can  be seen tha t  e lec t ron  de loca l i za t ion  in l - m e t h y l n a p h t h a -  
lene can  occur  m o r e  readi ly  t h a n  in u n s u b s t i t u t e d  n a p h t h a l e n e .  In  con t ras t ,  the a m i n e  
g r o u p  at  the  s ame  pos i t i on  on  the n a p h t h a l e n e  decreases  the  r e s o n a n c e  energy  of the 
n a p h t h a l e n e  molecule .  
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