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A~51T'.ACT 

M e ~ u r e n ~ n t s  have Ix~n made o f  the temperatures and heats o f  transit ion o f  
the phas~ chan~o~ in the Ic~ad n-alkanoat~;  o f  odd carbon chain length from heptanoatc  
to nonadcc~anoatc inclusi~-¢_ These salts form ~ p h a s c ~  t~to~ with I I carbon 
a toms or fc'~'er in the chain showing 2 phases, those with 13 or  more. only one. The  
tcmpezatures o f  the crystal to G: phase transit ions show no odd-cvcn variations; 
h o w c ~ r ,  the heats o f  tran-'~ition do- All o ther  properties e_xc~pt the spc~fic heats o f  
the II, phases do  show such variations. The results are discussed in terms o f  thc 
d~j ' e~  o f  ordering of  thc carbon chains in the ~-~rious phases_ 

I~'I'KODUCTIO,~ 

In a prc~ious paper in this series t ,,re have reported the existence ofmcsophascs 
Ix:t,,,,'ozn the crystal and isotropic liquid in the cvcn chain !cngth lead alkanoat~. 
In this paper we report similar data for the odd chain length alkanoatcs. Odd--~-en 
variations in melting points and transition cnthalpies have b,~n ob~rved in many 
homologous series, for example in the melting points and heats o f  fusion o f  the 
alkancs themsck'cs z and o f  the alkanoic acids •. Odd-c~-cn variations have been 
observed in the temperatures and transition cnthalpics o f  isotropic-ncmatic transi- 
tions in homologous series o f  non-amphiphylic m~0gens. MarC'clja "t has derived a 
theory o f  the isotropic-nematic transition which predicts such variations, for example 
in the p, p'-di-n-alkoxy-aT_nxyhenze.nes. The physical interpretation he gives of  this 
effect is that, in the cas~ o f  these compounds, the addition o f  a carbon atom to the 
chain in an cvcn position in the prcfcrrcd tra.s confi~uration is along the major 
molecular axis, allowing mort: ordcrcd packing in the ncmatic phase., v,-hcreas addition 
o f  a carbon atom in an odd position in the I r a . s  configuration is away from the 
molecular axis and acts as a steric interference to inter-molecular ordc~r. In the light 

° To ~-hom corresOom~nce shouM Ix: address~- Pmscm address: Dt~nrrmmt of Clmrn~ry. 
TI~ U~-,mm~ty, ~ o n .  GL Britain- 
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TABLE I 

~,tm 

Foaad Y/~ry 

19 Y/.__'~9 56-91 9-29 9 ~ 4  
17 54~1 .T~LT5 ~-59 
I $ 52.34 ~;2-23 ~-47 ~A2 
13 49-45 49~-~'/ 7-92 7.90 
l I 46 .07  45.74 7-59 7-28 
9 41.7"/ 41.4-~ 6-24 
7 36-66 36. I I 5.47 5.59 

o f  this intcqpretation, the prcscnc¢ o f  odd-oxen effects in liquid c r ~ a l  t randt ions  
should ind&=ate differetw~_ in the d e g r ~  of  ordering o f  the end r c ~ o n  o f  thc alkanoic 
chain betx,~e.n the two phases in question. "i'hcr~ arc no studies, known to the authors ,  
o f  o d d - ~ ' c n  effects in m c ~ p h a ~  formation in pure amphiphyl ic  mcsophascs- Such 
studies may cast  s o n g  li~Jit upon the d c ~ :  o f  ordering o f  t l~  alkanoic chain in the 
various phasc~ Having already reported thermodynamic data  for phase transit ions 
in the overt chain kn~ th  alkanoates  o f  lead ~¢: h a w  therefore prepared and studicd 
p h a ~  trat~i t ions in t h o r  odd h o m o l o g u ~  ~ i th  thi.~ aim in ~ic~-'. 

Mat~-rials ~r¢~ pr~parod and pu6ficd as has be~rt p r ~ o u s l y  described for the 
c, xc~ chait~ k 'n~h compount~ s. Carbon and hydro~o~'n anal)T~ xx~:rc pc r fo rm~ as a 
test o f  pretty,  and  the: data  arc 5holm in Table  I, All quanthat ivc  DTA m~o'a~urcment$ 
re:re made as described prcvioudy: in particular the spccific heats o f  the mcxopha.$~ 
were ~ r c d  by t l ~  s a n ~  method o f  tempcgaturc jump.  Attempts to purify the 
pentanoat~ fai l¢~ the DTA c u r ~  for this compound  bcing broad and  ill-defined; 
thus da ta  are reportcxl for  chain kan~-th from nonadcc-anoat~: to hclptanoat~ 

Igl~t~T5 

P h a ~  changes found ~ r e  consistent x, i t h  those o b s c ~ c i  for the cvcn chain 
l e n ~ h  compounds,  two phases being found for chain lengths I I and  shorter,  one for 
13 and  longer. The  lower temperature p h a ~  has_ been labelled a G phase and the 
o ther  a g~ p h a ~  in line ~ i t h  tbe nomenclature u ~ d  for  the p h a . ~  o f  the e~en chain 
k n g t h  compounds- Tempera ture~  enthalpy and  ent ropy c h a n ~  are shown in Table  

Errors are induded  only i f  they x~lr¢: l a ~  than the ~ 2,~a cx[gctcd for quanti tat ive 
DTA-  For  the h~tanoat~ an extra low temperature pha~ was o ~ ,  Specific 
heats wer~ m ~ m r ~ l  for all convenient p ~  The spe~fic heats o f  the ~ l /ds  ~ r e  
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T A B L E  3 

Io~,/!. rJ ~ i  ~' K ~ )  nmge lA') 

7 G 7"/0 . ~1 -351  5gS 413-45~  
IP: 664 363--371 

9 G 97-6 353--~63 7 ~  41~__. : ~  
lt~ S]O 3X~-~7S 

II  G 894 363--371 870 41~ ~-~3 
w_ 9y2 3";9-:~S I 

13 G !??.N) 37 I - / ,77 950 417 4_f~3 
15 G 1430 376-3S0 40:J-473 
17 No n:liab/c ~tlt~ 413-473_ 
!9 No rclioJb4c ,=J,-.- 413-.4"~ 

~ll'onsly tcmpcraturc dependent and the data am presented ~_.raphically in Rg- I.  
Liquid specific heats m~m tcmperaturc i n ~ t  ~ i th in t l~  l imits o f  accuracy o f  
quantitat~-c D T A  and arc presented in Table 3. Also indudcxl in this Table arc 
a~n~ra~: ,ralucs for the spo_-ific heats o f  the mcsophas~s. An attempt was made to  
determine whether  the m c s o p h a ~  specific heats ~ tcmpct~turc ~ t .  and  
j umps  o f  2 K wct~ madc  o~: r  the ran~c o f  stability o f  the phases.. Unfortunately.  
j u m p s  close to  the t empera tu r~  o f  the phase transitions may includ~ an enthalpy 
contHbmion due  to p o ~ b l c  slight I o ~ r i n g  and  spreading o f  the transition tempera- 
tu f t s  by impurities below the  Ic~!  o f  d~tcction by carbon-hydrogen  analysis and  I R 
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TF3n~IL~TURE ~ ~ : ' I ~  OF ~l '141,t.g~ SI' tClr lC IHII~A'II~ 

3~_3 

(~ p/am" 
T,'mp. jump Cp T~'mp- jump Cp 
I]A'J f J  K-Z m~d-t) tK$ [ J  K +" mol-U 

(u) Hrp*m~oute 
341-3-13 671+ ~: 50 
3-+3-3.,15 707 ~: 
3.15-3.17 736 ~ 
3.17-3.19 g.19 +:-_ 79 
349--351 gg7 ~ 46 

363-365 6/*9 ::-: I? 
:;65-367 64S --; I '/ 
367-369 65"/ -.:: 25 
369-371 678 ~: 21 

fhJ A ' ~ ¢  
353-355 "I~ +~: ~ 3"IO.-3"rJ_ $,.tO ~ 35 

3Y'i-359 gg3 # 44 374-376 ga7 :~: 19 
359-.361 9gO Z-~ 33 376-37g ~10 ~ 41 
361-363 ! ! 5 0  :-:: 

spcctroscol~.  It  is thus oftcn diffm'ult to decide ,,-hcthcr changes in the measured 
specific heats ~ i th  temperature arc significant. Ho~-c~-cr. for the heptanoatc and 
nonanoatc  the relatively t~dd¢ ran~c: o f  stability o f  the phases enabled a series o f  
measurements to be made t~-ell away from the phase transitions. Data  for these tv+'o 
compounds,  shown in Tablc  4, indicatc significant temperature dcpcndcnce o f  the 
specific heat o f  the G p h a ~  but  temperature independence for the V-_ ph.'L~ 

F i g u r e  2 shom~; a p l o t  o f  l r ans / t i on  t cmpc ra l un : s  aga ins t  cha in  I c n ~ h  f o r  a l l  the  
lead alkanoates  studied. A qualitative interprclation o f  the trcnds may be ~ven_ 
Increasing carbon chain I cn~h  increases the ,,-aluc o f  the Van der  Waals" interactions 
be t~ : cn  the carbon chains, thus helping to maintain an  ordered laminar  structure in 
bolh  the crystal and  G p ~  In tenqrL~ o f  the R theory o famph iphy l i c  mesop lms~  6. 

this bi l l  break down when the inter-ionic head group interactions become stronger 
than the Van dcr  XVaals" interactions o f  the carbon chain causing, the ionic. 'non-polar 
interlace to become convex to the non-polar  region. Thus  the temperature o f  a 
transit ion from a laminar  to a It .  o r  liquid phase vdll incrc-a~ mith increasing chain 
Icnglh.. as  is obselx-cd. Tim r a n ~  o f  stabili ty o f  the V z (cubic isotropic) phase sho~s  
a maximum for a carbon chain ~_n~h o f  9 or  10. Existence o f  the It_. phase rather  
than a liquid phase requires that  a small spherical aggregate be stable and that  the 
in tc r -aggrc~te  forces arc sufficient to make a cubic lattice arrangement  stable. It is 
no t  kno~'n whether  these inter-a~egrq~ate forces are mainly non-polar,  ionic or  a 
delicate balance o f  both and  it is difficult to speculate on the reason for the maximum 
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III 

F'~.~ ~ Stabi~ty nm~c of nzsopluscs ~s a fenctlect o fdu in  knob- Ordinate. TtR}; absc'is~, chain 
kngth- 

in stability. E-,idence from the entropy o f  fusion o f  the I~ phase ~ and from the 
variation o f  activation ~ t ~ o y  for viscous flow with chain length for the liquid 7 
indicates that  the a g a t e s  consist o f  an average o f  3 or  4 lead carboxylate molc~'ules. 
A maximum stability at  tht: nonanoatc  may indicate that  this chain Icnsth allov,~ an 
a~_ve~te  o f  3 to 4 molecules to  become effecti,~.ly symmetric, with an inner ionic 
r e ,  on surrounded by a non-polar  h) 'drocarbon rc~on.  It is int~--~csting to note that  
the viscositly data sho~," an  inc rea~  in the rate o f  change o f  activation ¢ncr~oy with 
chain length for the tctradecanoate and  lon~-cr, indicating a la%ocr ag~ovegate in the 
liquid p h a ~  for these compounds.  Perhaps the a g ~ . . a t e  o f  greater size is not  able 
to form strong inter-aggvegate interactions and thus the cubic aJ~an_ecment o f  a i~  
phase becomes unstable. 

Pronounced odd-even  variations ave obscr~-cd in the temperatures o f  the G to 
liquid or  V. transitions, but not  in those for the crystal to G pha~ .  This may indicate 
a much lar~ ' r  changg: in ordering o f  the ~ r  end o f  the carbon chain in the G to 
liquid p h a ~  change. Following the interpretation o f  Mar~ l j a .  and with reference to 
Fig. 3, it is seen that  the addit ion o f  a carbon a tom to the chain in an even position 

Wtg. 3. The addition of an ~ n  number carbon atom in the t ra~ ~ t i c m  ap in~  the diraaion 
of the molemlar axis. 
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in t l ~  pre f~n~l  t rans  confi~euration is a~-ay from t im prcfcrred molecular  axis and 
hence, int¢~fcTCS with the packing, o f  the chains in the non-polar  part  o f  the lamel/ae 
o f  both the G and  c'g3~al p ~  Fi~.ure 4 s h o ~  a plot o f  the transit ion ©nthalpic~ 
against  chain Ic-ngth. O d d - e ~ n  variations arc obser~'cd for both proces.q~ partic- 
ularly a t  longer chain Icn~hs .  " i ~  presence 0f , ' a r ia t ions  in the cnthalpy change for 
the C to G transition i m p l i ~  a .~eater  increase in disorder bctwcen the phases for the 
odd chain Icn~oth compounds_ Thus  thc~re must  bc some disordcrin~ o f  lhc cad  o f  the 
carbon chain in the G phase_ H. : ,~ , ' e , .  the presence o f  more consistg~rtt ,,~ariations in 
both temperature and  entha!py chan_oc for the G to liquid transit ion must  indicate an 
increase in disorder a t  the end o f  the chain for this transit ion; thus the original nai,~: 
su.~ocstion that in the. G phase the residual ordering ~-as in the region o f  the chain 
close to the head gsoup must  be abandoned_ Disordering o f  the chain in both the 
~ a l  to  G and  G to liquid tratlL~ilions must occur a long  the ~hol~ length o f  the chain. 

Va~;~tions o f  the  specific heats o f  thc various p h a ~  arc consistent with the 
interpretation su~.~estcd by M a t ~ l j a -  R~ur¢: 5 shol '~  plots o f  t l ~  Spc:~fic ]l~)t~ 
against  chain length. The  values for both  the solid and G phas,~ arc E~reater for the 
c~-n chain Icn~h soaps, indicating the "loosening'" o f  the costa l  structure resultant 
upon the addit ion o f  an even carbon atom arranged away f rom thc direction o f  the 
molecular axis. The specific heat o f  the V z phase shows no observable odd-e~en 
~tr iat ions and i t  is tempt ln f  to s u ~ s t  that there: is complctc disordcrin$ o f  th¢: 
chain in th~s phase, o r  a t  least tha t  any  regularity in the packing o f  the chain is not  
laminar.  This  is consistent with the model presented for thi~ phase. It  ~ hott~ever. 
difficult to account for the variations o b ~ ' c d  in the specific heats o f  the liquids. 
Bothorel ~ has  pointed out that e~en in the liquid alkancs there is significant correla- 
t ion o f  orientat ion betm-cen molecules but this effect docs not  ~ e  rise to odd-cvcn 
effects in the specific h e a ~  o f  these l iquid~ The variation Ol~r~e~l L~ inconsistent ~ t h  
the model o f  the liquid p h a ~  as a random arran_~mc~tt o f  roughly spherical aggreeatcs 
o f  3 to 4 n~olcculcs with some ionic dissociation in a-hich thc chain is complctcly 
randomis~l .  It is ditficult to propse an  adequate model to explain the odd -~ ' c~  
~an'ation in the liquid phase. 

Thermodynamic studies, to.eether wi th the conccpl~ o f  R tIlco13% ha~'c cnablcd 
the construction o f  a fair ly complctc model o f  lhc structure o f  the ~arious phases 
fornted by these compounds: ho~t~ever, this must Ix: r c~ rdcd  as spcculativc unti l  
X-ray conl~rmation is obtained. The large range o f  stabil i ty o f  both the Vz and G 
phases in the nonanoatc ( I 0  g in both cas~) makes this thc most promi._~ngcompound 
for  such an investi~_ation. 
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