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ABSTRACT 

The heats of  fusion of  methoxycarbonyl-benzencs (12 isomers) and -naphtha- 
lenes (32 isomers) have been determined by the differential scanning calorimetric 
method and the correlation of numbers and positions of  methoxycarbonyl groups 
against the parameters of  fusion (melting point, enthaipy and entropy) are discussed. 
The enthalpy-er, tropy relationship shows two correlation lines depending on the 
symmetry of the molecules including the positions of  the substituents. 

INTRODUCTION 

In the course of  the investigation of  the thermally stable polyimide resins 
derived from aromatic tetracarboxylic acids and aromatic diamines, we realized the 
necessity of  the information concerning the thermal properties of  aromatic carboxylic 
acids, e.g., melting points and heats of  fusion. However, it was difficult to determine 
these properties exactly owing to sublimation or decomposition of the carboxylic 
acids near their melting points. Therefore~ we studied the properties of  the methyl 
carboxylates. 

A correlation between the entropy of  fusion of  molecular crystals and molecular 
structure has been discussed by Ubbelohde ~ and Bondi z, but the heats of  fusion of the 
methyl carboxylates have not been reported in the literature_ The present paper deals 
with the correlation between structure (numbers and positions of  substituted methoxy- 
carbonyl groups) and the parameters of  fusion (melting points, enthalpy (AH.,,) and 
entropy (AS,,)) for 12 isomers of  methoxycarbonylbenzenes and 32 isomers of  
methoxycarbonylnaphthalenes. The benzene carboxylates include all isomers from 
the mono- to the hexa-substituted compound and the naphthalene carboxylates 
consist of  2 isomers of  the mono-, I0 isomers of  the di-, 14 isomers of the tri- and 6 
isomers of  the tetra-substituted ~omponnd. 1,2,4-Trimethoxycarbonylbenzene, 
however, did not give a melting point under the present conditions. 

* ~ t  ad~1::~: 38 I - I i ~ h i - ~ t o c ~ h o ,  Sh~mogamo, Sak-yo-ku, Kyoto  606, Japan. 
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Ir..--'KPERI M EN"i'A L 

. t , la ter ia l s  

The commercia l ly  available benzene-mono- ,  -di-, and  -hexa-carboxylie acids 
were used as received. Other  benzeneearboxylie acids were carefully prepared by 
po t~< ium permanganate  oxidat ion (under  541°C) o f  the authent ic  precursor  3. The  
.,.aphth~.lene_mono.4, _diS,  6 _tri_7 and  -tetra -8 earboxylic acids were prepared by the 
methods reported in the literature. The  methyl esters were  ~ 'nthesized by the react ion 
o f  the silver salts o f  the carboxylic acids and methyl  iodide or  by methanol-sul fur ic  
acid and  were recrystallized until they showed a sharp peak in the differential scanning 

calorimetric c u r , ' e _  

Naphthalene-l ,4 ,5,S-tetracarboxylic  acid prepared by the authent ic  procedure  9 
gave predominant ly  1,8-dimethoxycarbonylnaphthal ie  anhydr ide  on  esterification o f  
the silver salt e f  the caxboxylie acid with methyl  iodide; re.p_ 278.0-278.5¢C (from 
methanol-benzene) .  Anal. Cale. for C ! t H t o O T :  C ,  61.15~/,; H, 3.21 ~0. Found :  C, 
61.1 i 0/~: H,  2.9:3~/,. IR( in  Nujol) :  1778 re(anhydride) ,  and  1733 m and  1708 s(ester) 
e m -  ~. A small a m o u n t  o f  the te tramethyl  ester v'as isolated by fractional crystalliza- 
t ion f rom methanol -benzene;  m.p. 203.5--204-5°C (lit., m.p. 196-198°C ~°, 197- 
198:C t ~ and  205--207"C~Z). IR(in Nujol) :  1722 s and  171 i m e ra -  ~ 

Determination of  melting points and heats of  fitsion 
The melting points, heats o f  fusion and weight loss ~ere determined with a 

Rigakudenki differential scanning calorimeter (DSC) No. 8001 and differential 

T A B L E  1 

. v  . . - p ~  O F  L : ' L , " ~ J O - ~  O F  ~ s t . t O . X ' Y C . A X D O . ' ~ " Y ~ Z E . % E . 5  

PoMtion o f  .~f.p. (=C) A Hm AS== 
n~tho;.y- Capillary D S C  (kJ '~ f - t )  ( JK- t -M- I )  
carbon rl Found P.eft 

~or~ ~ ~ 5.5 -- 9.8 35.3 

I- ~ -- I~2 b -- I~5 13.9 53.3 

! ~ -  - -  5 . 5 ' :  ( - -  36) ( - -  6 . 4 )  ( - - _ - ~ / . 0 )  
0.0 ! 5.'7 57.5 

! ,3- 67 .5 -  68.0 67.8-- 68.3 d 67.5 25.3 74.3 
!.4- 141.0--142.0 141.0--141.8 d 142.0 32.9 e 79-2 e 
1,2,3- 101.5--102-5 101.6-10~_1 d IlY2-0 32.7 g'/ .2 
! ,3,~ r-- 145.0--146.0 145.3-146.0 d (135.0) ( 4 . 6 )  (1 ! .3) 

146.2 17.6 e 42-7 e 
i ~,2,3,4 .- 130.5-131.5 131.1-131.8 ° 131.5 40.4 99.8 
! ~,2.,3,5 - ! 15.5-116.0 ! 15.6--116.54 116.0 32.6 83.8 
I ~4,5--  1425-143.5  143.6-144.4 et 144-g 35.7 85.4 
Penta-  i 49.O-150.0 149.8--! 50.6 ~ 151.5 38.0 89.5 
Hexa-  18&5.--i 89.5 189.,7-190.54 190.5 22.5 48.0 

sRe f_  13c_ b Ref .  16- ¢ l ~ q ' .  17. d R d _  iS.  • Weigh t  loss ~ o ~ ;  see e x p e r i m ~ t a l 0 a r t _  
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Position o f  .M.p. ( ° C)  A t Im 
met  hox.'.'- Capillary D S C ( kJ,~/l- x ) 

c a r b o n y l  F o u n d  R e f  .. 

AS~, 
( J K - 1 M - t )  

N o n e  ffi m 80 .3  - -  18 .8  53 .2  
2-  7 6 . 5 -  77 .5  77  b 76 .8  27.1 77 .4  
! , 2 -  8 4 . 0 -  85 .0  85  c 83 .8  2 7 . 6  77 .3  
1,3-  1 0 4 . 5 - 1 0 5 . 0  1 0 4 . 5 - 1 0 5 . 5  d i 04.5 30.5  80 .8  
1,4-  6 5 . 0 -  6 6 . 0  6 7  c 6 6 . 0  2 0 . 4  60 .2  
1,5- 1 1 9 . 0 - 1 2 0 . 0  119 c i 19.5 26 .4  67 .2  
1,6- 9 8 . 0 -  9 9 . 0  9 8  e 9 8 . 6  22_1 59 .4  
1,7-  8 9 . 0 -  9 0 . 0  9 0  ¢ 8 9 . 0  2 0 . 0  55.1 
! , 8 -  1 0 3 . 0 - 1 0 4 . 0  1 0 4 e  1 0 ~ 5  27 .8q  74 .0q  
2 3 -  5 0 . 0 -  50 .5  5 0 - 5 1 •  5 0 . 0  2 0 . 2  6 ~ 5  
2 ,6-  1 9 0 . 0 - 1 9 1 . 0  i 87 -1  $8 g 191.2  38 .4q  82 .8q  
2 7 -  ! 3 6 . 5 - 1 3 7 . 0  i 35  e 137 .2  2 6 . 6  64 .8  
i,2,~ 3 - 8 8 . 5 -  89 .5  8 8 . 5 - 8 9 . 5 ,  89 .8  23 .7  65 .3  
1 ~ 4 -  1 2 0 . 0 - 1 2 0 . 5  120 h 120.2  32.1 81 .6  
1,2,5-  88 .5  - 8 9 . 5  9 0 - 9 1  t 89 .8  25 .5  70 .3  
1 , ~ 6 -  1 4 3 . 0 - 1 4 3 . 5  139-1401 144 .0  35 .9  86.1 
1,2,7- 1 5 3 . 0 - 1 5 4 . 0  ! 5 2 - 1 5 3  k 155 .0  36.  i 84 .3  
i 2 . 8 -  9 3 . 0 -  9 4 . 0  9 2 . 5 - 9 3 . 5 z  92 .8  24 .8  67 .8  
1 ,3 ,5-  1 2 9 . 0 - 1 2 9 . 5  1 2 8 - 1 2 9 x  1-29.8 25 .9  64 .3  
1,3,6-  i 9 4 . 5 - 1 9 5 . 5  1 9 4 . 5 - 1 9 5 . 5  g 196.5  37.4q 79 .6  q 
! ,3 ,7-  ! 7 2 . 5 - 1 7 3 . 5  ! 7 2 - 5 - 1 7 3 . 5  r 172.5  37 .2  83 .4  
! , 3 ,8 -  ! 1 4 . 0 - 1 1 5 . 0  110 .5-1  i 1 .5 •  114 .0  27 .7  71 .5  
! .4 ,5-  ! 2 8 . 5 - 1 2 9 . 0  ! 2 6 - i  27z  ! 29 .8  26 .5  65 .8  
1 ,4 .6-  ! 3 5 . 5 - 1 3 6 . 0  ! 3 5 - 1 3 6 r  137.0  30 .2  73 .6  
~3,Y,-- ! 2 8 . 0 - 1 2 8 . 5  i 2 8 . 0 - 1 2 8 . 5  • 128.8  4 1 . 0  102-0 
~ 3 , 6 -  i 2 5 . 0 - 1 2 6 . 0  1 2 4 . 5 - 1 2 5 . 5 •  ! 25 .5  34 .4  86 .3  
! ~,2,3,4- i 4 9 . 5 -  ! 50 .5  ! 4 9 . 5 - 1 5 0 . 5  t ! 5 i .5 35 .9  84 .5  
1 , 2 4 , 5 -  1 6 4 - 0 - !  65 .0  ! 6 4 - 1 6 5  m "166.2 36-4  8 ~ 9  
! ~,2,5,6- 1 9 7 . 5 -  ! 9 8 . 0  1 9 6 . 5 - 1 9 7 . 5  t 198.2  4 ~  1 89 .4  
I ~ 6 , 7 -  i 3 3 . 0 - 1 3 4 . 0  1 3 2 . 5 - 1 3 3 . 5  m i 3 4 ~  34 .2  83 .8  
~ 3 , 6 , 7 -  ! 8 4 . 5 - 1 8 5 . 5  1 8 1 - 1 8 3  u 186.2  42 .2  91 .9  
1 ,4 ,5 ,8-  2 0 3 . 5 - 2 0 4 . 0  1 9 7 - 1 9 8  ° 204 .5  36.1 75 .7  

2 0 5 - 2 0 7 p  

R e f .  13c. b R e f .  19. ~ R e f .  5. a R e f .  6 .  • R e f .  20 .  r R e f .  21 .  • R c f .  7.  h R e f .  22_ t K c f .  23 .  ~ R e f .  24 .  
k R c f .  25 .  t R e f .  8a .  m R e f .  8b .  n R e f .  26 .  o R e f .  !1 .  P R e f .  12. q W e i g h t  los s  w a s  obse . r~ed ;  s ee  e x -  
p e r i m e n t a l  part. 

thermogravimetric analyser ( T G A )  N o .  8002; sample: 2-3  mg, sensitivity: ~_ 2 meal  
s e c - s  for DSC,  sample: 8.5-9.5 rag, sensitivity: 10 mg for T G A ,  and heating rate: 
3~C m i n - t  in air. The melting points (peak max imum)  and heats o f  fusion were 
calibrated with metallic indium (99.999~/o pure, m.p.  156.8°C and 3Hm ---- 3.26 
kJM - s) s 3, and tin (99.999 ~/o pure, m.p.  231.9 °C and 3 Hm = 7.07 k.IM- I) 13b for the 
solid samples. The  liquid samples were determined after chilling to - -70~C with 
liquid nitrogen and calibration with nitrobcnzcne (m.p. 5 .8°C and AHm -~- 2.77 
k J M -  s)t3b. The  experiments were carried out  for at least four runs. The  enthalpy o f  
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fus ion w a s  de te rmined  by weighing the  peak  area  t raced o n t o  t rac ing  pape r  wi th  a n  
exper imenta l  e r ror  o f  _@_3~/o- T h e  da ta  are  s u m m a r i z e d  in Tables  1 a n d  2. T w o  
au then t ic  samples  were  used to test the  reliability o f  the  present  da ta .  p -Ni t roani l ine ;  
m.p .  148.5"C a n d  ,,tH= = 22.2 k.IM - !  (litl3b., m.p .  147.5"~C a n d  AH= = 21.1 
k J M - ~ ) ,  i -N i t ronaph tha l ene ;  m.p.  57.0°C a n d  AH= = 18.7 k J M - '  (lit=3=., m.p.  
59.0"-C and  AH== ~ 18.4 k J M -  l). 

A long t ime ~-as required to  s o l i d i ~  l - n a p h t h o a t e  (m.p.  4--6°C; lit., m.p .  
59.5-~C =-" a n d  36 'C=5) .  i ,2 ,4-Benzenetr icarboxylate  cou ld  no t  be crystallized, 
therefore,  it d id  no t  show a mel t ing poin t  under  the  present  condi t ions .  

"Weight losses by sub l imat ion  were observed  for  !,4-di(15.1 ~/o)- a n d  1,3,5-tri 
(l_0~.~)-methoxye~rb,3nylbenzene~ and  2,6(7.7~0)- a n d  i , 8 (3 .9~ ) -d i -  and  i,3,6- 
t r i ( I .5~,~,)-methoxycarbonylnaphthalenes using "I'GA which was de t e rmined  at  
t empera tu res  5-6- 'C hi o__~her than  their  respective mel t ing points .  

RESULTS A.~D D ~ ' S S I O S  

Correlatio,~ o f  melting points and numbers o f  nzethoxycarbonyl groups 
Ben=ene compounds. The  corre la t ion  between mel t ing poin ts  and  n u m b e r s  o f  

me thoxycarbony l  g roups  was classified into three g roups  a n d  the  mel t ing poin ts  o f  the  
c o m p o u n d s  in each g r o u p  was found  to increase with increasing n u m b e r  o f  methoxy-  
~ r b o n y l  g roups  as show n  in Fig. I. T h e  symmetr ica l ly  subs t i tu ted  benzenes,  such as 
the  1,4-di-, 1.3,5-tri- and  1,2,4,5-tetrasubstitu[ed ones  (g roup  1), showed  near:y the  

2co  7 
i,=0 L i 4 1_3.S 1.2_4_5 
" F ( i ) ' ~ - - ~ - - ~  PENT& 

- / 
P F _ / 7  ' ' - ~  

'°°I 'S/ 
I" ,.3 f / 

o-[-, _ /  o,.= 
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Numbers of me|hoxycorbonyl groqp 

Fig. i .  M d t i r ~  points o f  methoxycarbonyll~mT~. 
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same melt ing points and  behave like non-polar  molecules due  to the compensat ion  o f  
the polari ty in the molecule.  The  plotted line o f  the proximately substituted ones, such 
as 1,2,3-tri-, 1,2,3,4-tetra- and  hexa-substituted compounds  ~ r o u p  2), is extrapolated 
to unsubst i tuted benzene through the 1,3-disubstituted c o m p o u n d  and  they are  
character ized by the presence o f  a symmetry  axis in the unsymmetr ical ly  substi tuted 
polar  molecule.  Other  compounds ,  such as mono- ,  1.2,3,5-tetra- and  penta-methoxy-  
carbonylbenzenes ~ r o u p  3) including the 1,2-disubstituted one  which deviates from 
the line, are also unsymmetr ical ly  substi tuted polar  molecules.  1,2.4-Trimethoxy- 
carbonylbenzene has no melting point  and  becomes a glassy solid on cooling to 
- -  3 0  " C .  

Naphthalene compounds. The  methoxyearbonyinaphtha lenes  have many  iso- 
mers with the same number  o f  methoxycarbonyl  groups and  their melt ing points are  
scattered as shown in Fig. 2. The  symmetrical ly substi tuted non-polar  compounds ,  
such as 2,6-di- and  the 1,4,5,g- and  1,2,5,6-tetra-substituted ones (group 1) have the 
highest melt ing points for  each number  o f  substi tuent;  the 1,3,6-trisubstituted one  
belongs to this g roup  as in the case o f  the ! ,3,5-trisubstituted benzene (see Fig. ! ). The  
melt ing points in this g roup  increase slidatly with an  increase in the n u m b e r  o f  
substituents. When  a plot is made  o f  the lowest melt ing points in each number  o f  
substi tuent (2,3-di-, 1,2,3-tri- and  1,2,5,8-tetra-substituted compounds  27) as in the 
case o f g r o u p  3 in Fig. 1, and  the line (group 3 in Fig. 2) is extrapolated to, the eight 
substi tuted compound ,  we may  tentatively estimate the melt ing point  o f  the fully 
substituted one  to be abou t  270°C, bu t  it is not  certain because the melt ing points o f  
all the tetra-substituted compounds  have not  been found.  On the other  hand,  it is 
difficult to d raw the g roup  2 line which will pass th rough  the unsubst i tuted naphtha-  
lene. 

Correlation o f  melting points and heats of  fuMon 
Benzene compounds. The melt ing points o f  the mcthoxycarbonylbenzenes  

increase with increasing o rder  of  heats o f  fusion as shown in F i g  3 except for  the 
1,3,5-tri- and  hexa-substi tuted ones. T h o u g h  weight  loss (15.1 ~/o) was observed for 
1,4-dimethoxycarbonylbeazene near  the melt ing point,  it located near  this correlat ion 
line (group 3). The  exceptional  two compounds  had  small values o f  enthalpies and  
entropies o f  fusion despite their  high melt ing points. The  small en t ropy may  be 
at t r ibuted to the cage-like molecular  s t ructure as has been pointed out  by Bondi 2. 
Anothe r  cor, 'elation line (group 2) can be d rawn  for the proximately substituted 
compounds  and  benzene T M  th rough  the 1,3-disubstituted one  as in Fig. 1. 

I t  is interesting to note  that  1 ,2-dimethoxyearbonylbenzene exhibited an exo- 
thermie  transi t ion poin t  at  - -36°C a n d  1,3,5-tr imethoxycarbonylbenzene showed an 
endo thermie  t ransi t ion poin t  at  135=C. The  dual  preparat ions,  purifications and  re- 
determinat ions  after  cool ing o f  the mel ted samples did not  al ter  these transit ion 
points and  peak areas  within the  experimental  error.  Even though the enthalpy o f  this 
t r an~ t ion  o f  the 1,3,5-derivative was added  to the value at  the melt ing point ,  it still 
deviated f rom the g roup  2 and  3 lines. 
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Filg- 4. Melting point--cnthalpy relation in methox.~trbonylnaphthalenes. 

Such a good correlation was not  observed for melting points and entropies o f  
fusion_ 

Naphthalene compounds. The  plots o f  melting points o f  methoxycarbonyl-  
naphthalenes vs_ the/r  enthalpies o f  fusion were classified into two groups except for 
the i,3,5-tri- and  1,4,5,8-tctra-substitutc~l compounds  as shown in Fig. 4. It is remark-  
able in the dimethoxycarbonylnaphthalenes  that  group 1 consists o f  the compounds  
having ope methoxycarbonyl  group in each benzene ring o f  naphthalene and  group 2 
consists o f  those having both groups in one benzene ring with the relationship m.p. 
(°C)  = 5.60 d H ,  ( k J M -  !) --~_2_5 (7 = 0.998) except for the 1,8-isomerand m.p. = 
4.31 A H _  --30.2 (7 = 0.953), respectively. Similar relation shlpswere observed between 
tim melting points and  entropies o f  fusion; m.p. (°C)  ~ 3.71 A S ,  ( J K -  ~M- 1) _ ! 17.1 
(7 = 0_970) for group i and m.p. ~ 2.04 AS~, --67.3 (7 = 0.903) for  g roup  2. Un-  
substituted naphthalene fell on the ~o~roup I line in both cases o f en tha lpy  and entropy. 
The  cla.s.sification into two groups can be explained in terms o f  the diffcrenc~ in the 
poh~rity o f  the molecul~ ,  i.e., the polarity is partly compensa ted  by each o ther  o r  
located in one s/de. 

Tri- and  tetra-substituted compounds  are also roughly divided into two groups 
along the lines discussed above but they are not  so easily explained by the structure o f  
the molecule. The  explanation used for the disubstituted compounds  cannot  explain 
why the symmetrically substituted 1 ~ ,5 ,6 -  and  2,3,6,7-tetramethoxycarbonyibenzenes 
fall on  the  line o f  group 2. 2-Naphthoate  is on the line o f  group 2. The  i- isomer did 
nor  show a n~l t ing  point  under  the present eondit ions as has been described in the 
F . x ~ e n t a l  
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Enthalpy-entropy relations 
The enthalpy-entropy relationship for methoxycaxbonyl-benzenes and -naph- 

thalenes are shown in Figs. 5 and 6. In each case good two correlation lines were 
fitted for the symmetrically substituted compounds  (group I) and for the other ones 
(group 2)  respectively; All= ( k J M -  1) = 0.403 AS. .  ( JK-  I M -  ~.) -~ 1.49 (7 ~--- 0.994) 
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a n d  A H ,  = 0.581 A S =  - -  17.3 (7  = 0 . 9 9 6 )  f o r  g r o u p s  1 a n d  2 o f  t he  b e n z e n e  c o m -  

p o u n d s  r e s p e c t i v e l y ,  a n d  A l l =  = 0 .408  A S ~  + 4 .98  (3' -~ 0 . 9 8 9 )  a n d  / IF /=  = 0 .453  
/ IS=  - -  5 .2g  (7 -~- 0 . 9 5 3 )  f o r  g r o u p s  ! a n d  2 o f  t h e  n a p h t h a l e n e  c o m p o u n d s  r e s p e c t i v e l y  
w h e r e  t h e  i ,2 ,6 - ,  1,2,~ 7 - ~,~nd !.3,7-L, ' /- ,  a n d  ! ~ 3 , 4 -  a n d  1 , 2 , 4 , 5 - t e t r a s u b s t i t u t e d  c o m -  

p o u n d s  w e r e  e l i m i n a t e d  in t h e  c a l c u l a t i o n  b y  t h e  l e a s t  s q u a r e  m e t h o d .  O n  t h e  o t h e r  
h a n d .  s u c h  a n  c n t h a l p y - - e n t r o p y  r e l a t i o n  is n o t  o b s e r v e d  in  t h e  methylbenzenes taken 
f r o m  t h e  l i t e r a t u r e  $ a l u e s  13~ a s  s h o w n  in  F/g .  7, in w h i c h  t h r e e  d i f f e r e n t  d a t a  w e r e  

r e p o r t e d  f o r  m e s i t y l e n e .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  s y m m e t r i c a l l y  s u b s t i t u t e d  

c o m p o u n d s  in t h e s e  m e t h o x y c a r b o n y l - b e n z e n e s  a n d  - n a p h t h a l e n e s  h a v e  the  s a m e  

s l o p e s -  T h e  s e p a r a t i o n  i n t o  t w o  g r o u p s  in  t h e  f u s i o n  e n t h a l p y - c n t r o p y  r e l a t i o n  m a y  
b e  a c c o u n t e d  f o r  b y  t h e  d i f f e r e n c e s  in  t h e  s t r u c t u r a l  s y m m e t r y  a n d  p o l a r i t y  o f  t h e  

m o l e c u l e s  b r o u g h t  a b o u t  b y  t h e  m e t h o x y c a r b o n y l  g r o u p s .  
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