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Using differential scanning calorimetry @SC) the solid-liquid equilibria of the 

system &carvoxime-f-Z-carvoxime were investigated. The results confirmed the phase 
diagram obtained by Adriani, revealed the presence of a continuous series of 
metastable solid solutions and showed an unusuaI mehing behaviour of &carvoxime. 

Heats of melting and mehing points of stable (I) and metastabIe (II) forms of 
I- and &carvoxime were measured: they are as foIIows: 

I I: AH = (4-l&-0.1) kcal mol-r; dZ I: AH = (5_3iO.l) kcaI mol-’ 

T = (346_1f0_2) K T = (364_9+0.1) lc 

II: AH = (3.3+0-I) kcaI mol- r II: AH = (3.6+0-I) kcaI mol” 

T = (339.6+0.5) K T = (353.7&-O-5) K 

Phase diagram caIcuIations are given as weII as a tentative interpretation of the 
melting b&&our of &carvoxime. 

INTRODUCTION 

The phase diagram of &carvoxime+Z-carvoxime has pualed an increasing 
number of scientists ever since its publication by Adriani’ in 1900. The diagram shown 
in Fig. 1 is of type II according to Roozeboom’s cIassiIication2.3. The possiiihty of 
such a diagram was excluded by Van Laar” through thermodynamic reasoning; the 
validity of his statement, however, is doubtful from the fact that the parameters in 
his equations for the solid as well as for the Iiquid state were interpreted in terms of 
the Van der WaaIs equation of state. 

-The phase diagram suggests that in the solid state I-molecuIes can’be repIa&I 
by rE_moIecuIes and vice versa From the point of view of moIecuIar structure this is 
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plausible: in spite of differences due to mokeular asymmetry the I- and d-molecule 
are quite planer and therefore similar in their external form (see Fig. 2) 

We now propose two simple models for the description of the mixed solid state 
in the carvoxime system, to be distinguished by the terms racemate and pseu&- 
racemaZe_ 

In the racemare model the 111 (the (Ji) composition is an ordered structure in 
which d-molecutes are related to I-mokuks through space group symmetry; they 
are located on sites which are here to be referred to as D- and L-sites, respectively. 
In the direction of an increasing amount of komponenf, the &mooIecuks on the 
&sites are randomly replaced by I-molecuks. In the opposite direction the L-sites 
are gradually tilled by d-mokules. 

In the pseudoracemat e model the d- and I-mokules are randomly distributed 
overthetotaf amountoflatticesites,the I:1 composition thus hasadisorderedstructure. 

It should be noted that, on ignoring the differences between the d- and I- 
mokcules, the mokcular packing scheme is the same for both models and does not 
change on going from the pure Zcomponent via the I:1 composition to the pure 
&component. The latter is in accordance with the great. similarity in unit-cell 
dimensions and X-ray refiexion intensities observed for optically active and dZ- 
orsvoxime5. 

In 1965’ we expressed our preference for the pseudoracemate model mainly 
because of the equality of entropies of mebing, reported by Tamma nn6 for L-Z-, I- and 
dwoxime, and by the observ&on of some weak X-ray reflexions from rif- 
carvoxime which would have been absent if &carvoxime were a fuhy ordered 
stnrcture. 

Some years ago we decided to make a closer study of the carvoxime system. 
One of the reasons was the pronounced difference in entropies of melting observed by 
Jacques7 between optically active and &carvoxime. 

At present, we have completed the crystal structure determinations of Z- 
woxime (m.p. 345 K) and c&carvotime (m.p, 365 K)8.g_ &Cuvoxime proved to 
have a fully ordered structure with space group P2,/c instead of pseudo P2,/c as was 
assumed in 1965’, The weak refiexions mentioned above, which were observed on 
We&e&erg photographs only, were presumably Renninger reflexions. All this 
implies that the pseudoracema?e model cannot be maintained for the solid state 
corresponding to Fig_ 1, To what extent the syncrystalhzation of d- and Z-molecules 
can be described by the racemate mode& is the subject of further investigation. 

In this paper we report the results of DSC experiments: heats of melting of Z- 
and &carvoxime, phase diagrams and the melting behavionr of &carvoxime. 

dZ- and Zwoximc were prepamd f&m commercial, te&nkally pure, q-.&rid 
Zcarvone, respe&vely_ SoIutions of carvone and hydroxylamine hydrochkkide were 
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into foti times its volume of water upon which carvoxime separated. The crude 
mat&al was 0 fkom m&anoL Fd p-on took place by the rapid 
zcmcr&iingtsdmi~d~~byBoIIen 10; ioads of 4 cm3 having a -speed of 
6cmh-‘passedt.brou~ZOzones~ 

AIi cxpmimats dcscrii in this contriintion were performed on a Perkin- 
Elmer DSC-2 llc samples were weighed on a Met&r microbalance and seaki in 
snlanaInmmumpans_DIuingthese experiments karvoxime proved to have two 
solid forms the higher melting, stable form I and the Iower melting, me&t&e form 
lT_~oximccan assume several solid forms, two of these correspond to forms I 
and II of karvoxime; see Table 1 for mefting points_ 

TABLE 1 

THERMODYPTAMIC QUAIWl-IlS OF THE CARVOXIME SYSIEM 

McbtindpoIntsm 

EutbaIpkofmcccingI(knlmol-‘) 

-=-=dcqn(W 
a 

b 

I 339bfO5 346-l fO2 
dl 3s3317f05 3649fO. 1 

I 33f0.1 4.1 f0.1 

s= 

dl 3_6fO_I 53&0_1 
4-w 
5.3. 

270 390 
4205 

1080 z 

300 1200 
163 877 
137 223 

Hem e#kzr_ The p&arized sampIes (053 m& were scam& at a heating rate 
of 5Kmin-‘_ Peak areas were either mczxual by means of an Ott pkulimetcr or- 
rtgidcrcd on a Kipp integrator, Be-l, attacki to the DSC. A continuous baseline 
was assumed Using zone r&in& naphtalcne and imiium standards, the h&s of 
m&ingwerccaIcnIatedfiomthepcakarcas; themcanresnltsofmany~eterminations 
~givtaiaTaMe1-scaDsofk-arvoximtshow#1tithcr~Offo~IorformsI 
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Fig. 3. Ttu cakulattd phase diggram czmspond~g EO VSC obsermtions- The inwrtal 
ilbtmtc the passibiitks of this method. Dots are CalcuIattd points of the same respective~ 
fiaaions as the samples. 
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Pkzse &qnrnr_ Sampks amtaking E and &carvoximc in varying amounts, 
titom~themok~o~~calealat#t,hadatotat~~tofca,2mg. 

To detumke the T-X phase diagram of the stable form a heating rate of 
0.31 XC mine’ was ztscd, 2%~ cOnId not be appkd to the metastabk forms which did 
not ma&ii tbemsdves at -&is Iow r&e; instczl efforts rcsukcd in the appearance of 
an exothermk peak beIow thz m&ingpoint, afterwhich the sampIe m&xi as in the 
s&bIc SMactnrt Thezfore_ a heafing rare of 5Kmin-x was used although this 
meantagreatertmWtaiqin ~bcpoints 

~~kwas~h~to370K,thercsaI~gptakrtachedFromthe 
nkciting point of the pure Z*mponect to that of the ckomposition. lk subsequent 

SUiS~USXifOfdlC~tiJIlOfthephast~ 
Tbcre!5uItsof~ exp&mentsaregiveninFSgs.3and4. 
i!&?B&g 68?kWkr of d-e_ E3arrlprcs csx&!&ng of difkrellt amounts~of 

&carvoxime were heated at a rate of 5&&n-‘- Each sampIe was scanned and 
ax&xi several times with periods between scans vaxying from several minutes to 
several we&s_ The following types of m were noted, see Fig. 5, all in the 351-365 K 

range (a) one sharp peak; (b) one main peak snppkmentcd with one, two or three 
minor peak; (c) as (b), with Wl additional exotllermic peak 
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Experiments were also done on material recryst~lliTed from methanol,  with 
similar results; however, supplementary peaks w~re r e p u t e d l y  found below 351 K 
down to 347 K. 

Peak areas were measured with an Ott  planimeter and heat  effects calculated 
as before. 

For scans of  type (a), heats of  melting are plotted against the melting temper- 
ature, see Fig. 6. The distn'bution of  peaks from 29 scans of  zone refined material is 
shown on the abscissa of  Fig. 6. 
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Fig. 6. T h e  melt ing behaviour  o f  dT-ca rvo-~e :  heats  o fme l t i ng  plotted ~ n s t  melting temperatnge. 
I I  and  0 ,  experimental  points o f  type  (a) obta ined f rom zone  refined m:~t~-ial and  material  recrys- 
t = l l ~  f rom solution, x~spec~vely; solid lines, theore6cal  curves corresponding to  the  values o f  
paramete r  a z -  a2--'--1, 0, - - i ,  - - 2  in ¢qns (19) and  (20); dashed lines, join points o f  equal o rder  r,  
the value o f  which is indicated. The  distn'bution o f  all peaks  observed in 29 D S C  scans o n  four  
samples of zone refined m=!_~ial is given along the abscissa. 

The results in Fig. 6 show that  dl-carvoxime can assume several solid forms, 
o f  which the he~t~ of  melting increase with melting point. 

In  the second part  o f  the following section a theoretical an~ysis  o f  the melting 
behaviour observed is given; i t  is based on  the assumption that  d/-carvoxime exhibits 
a continuous series o f  solid forms f rom 350 to 365 K.  

~ ' r l O N S  ~ OONC'LUS~NS 

P/~e d/aarams 
The Gibbs energy of liquid mixtures of optical antipodes, consisting of X moles 

of d-molecules and (I --,I") moles of/--molecules, is given by the following expression 



Neglecting C, influences and separating CP and @ into enthalpy EI and 
entfupy S part& eqn (3) bixumes 

GuQ(TI X) = H*% -TS*‘%RT LN (X)+Hn”i~X)-TS1iqE(X) (4) 

where U* and F are constants and HE and SE are independent of T. 
The same expressions are used for the solid state, although in the ra~ernqle 

model the contriintion from substitutional disorder is certainly not represented by 
RTLN (x)_ 

@(T, X) = H*d -TS*d+RTLN(X)+H-(X)-TS-(X) (5) 

Theinmsection of the Gsd and c”Q surfaces is given by 

AG = 0 - (s) 

Note: The difkeuce function is defined by Af 5 r’Q--p’ where f stands for 

H, G, Setc 

Substitution of eqps (4) and (5) into eqn (6) yields 

AH*-z&!P+AuE(X)-T&E(X)=0 Q 

Ix Theeqoaf-Guxve , the projection of the interxction on the TXpIane, using 

eqnci)&+=OY 

ltn eqn (7) the excess part repr~~~~~ts the ~ICWZZ Gibbs energy along the EGC 

AHE<~--T-ASE(X) = AG&(X) (9) 

Substituting cqn (9) into cqn (7). eqn (8) ii implicitly given by 

To sieg the melting point of the pure antipodes~ 
The procednn: us& for the c!ak&t& of the phase diagram is as followsz 



AGE is represented by the following expression in X 

AG&(x) = aX(l-X)+bX2(1 --X)= (11) 
The equal-G curye has the general property of lying betweeu solidus and 

Liquidus, see Fig. I. Tu the experimental phase diagram a curve is drawn which is 
expected to be a good representative of the real EGC. Using eqns (IO) and (If), the 
values of the constants a and b are determined, from which an approximate phase 
diagram is cakulatedfz. Next the vahres of a and 6 are adapted until agreement 
between the calculated and experimentat liquidus is obtained. 

Note that as the experimental AGE cannot be separated into Gniq and GE”‘, 
(AGE = Gniq--GEd), the phase diagram cakufations were performed assuming an 
ideal liquid state, which is believed to be a good approximation for antipode systemsr3; 
consequently GE”’ = -AGE. 

The values found for the parameters a and & are indicated in Table 1; the 
cakuiated phase diagrams are plotted in Figs. 3 and 4. 

For the diagram in Fig. 3, GE”“’ was separated into enthalpy and entropy parts 
having the same dependence on X as G-r, cf., Table I. 

MeZ~ing behmiour of dkmoxime 
Mokcufes of d- and Z-carvoxime form two series of solid solutions, the higher 

melting series I and the lower melting series II. From structure determinations, there 
is strong evidence that in series I the substitution of molecuks is of the racemae 
type9; it is accompanied with pronounced changes in the conformational arrangement 
of the isopropeny~ grot~p*.~. 

Ve now expect that the substitution in series II is of thepsezhracemat~ type, 
the mokc&r packing scheme being the same as in series I[. This impfies that we 
expect the difkeucc between the forms I and fl of karvoxime to be due to differences 
in molecular conformation or to conformational disorder or both, and the difference 
between forms I and II of Scarvoxime to be the combined resuh of conformational 
changes and ~b~~~on~ disorder. 

In this view dZ i and &IL are the heginning and the end of a series of structures, 
either continuous or with discrete intermediates, having a varying degree of sub- 
stitutional order. 

This may be express& in terms of an order parameter r denoting the fraction 
of Bsites occupied by d-mokcuks which is equal to the fraction of L-sites occupied 

by t-mokcules; r = f indicates tbepsemibraccemare and r = I the racemate, 
For the oil-composition we now assume that the Gibbs energy may be given by 

the following contiuuous function in Tand r 

G”‘(T, r) = Gfd(r = 1)+RT LN (r)+G-ed(r) (223 
where 

LN (r) = I In rt(I -r) fn (I -r) 

it results from the number of possible configtirations with given r (ref.-!+ 

(13) 



Gqr, r) = P% TSfdfR7’ LN(Y)+H*~@)~TS=-(rj C.4) 

As behe an ideal liq@d state is assumed; its Gibs cncrgy is a fundon of T 

G’@(T, r) = H=4 - 7’9’4 05) 

Thcinters&onofG”soandandisg+givcnby 

AGz@--G”‘=O (16) 

Snbstitntion of cgns (14) and (15) into eqn (16) gives 

T(r) = 
AH*--F 

AS-+X LN (r)-r 
<W 

ParaIM to the treatment applied in the previous cahIations, the cxccss fkxtions arc 
representtaby 

P= cu{r(l-r)fa,r2(1-r)2) (1% 

F = u{r(l-r)ta2~~l-r)2) m 

in which a, and CT are amstants of dimensions Cal mol- ’ and Cal molcl K-I, 
rqcx%iHy; a, and a, are dimensionkss parameters. 

T6t vz&cs of w and a for given values of a, and a2 follow from the c&x&&s 
of me&kg and the me&kg points of forms I (the r a~enraie) and II (the pseuh- 
ncenuzze), With these values the numerator of cqn (18), AH, may be calcuJ.ated and 
plotted against T, obtained from eqn (18) and at a chosen I_ T&c result is given in 
Fig 6, for which a, = a, = a and the folIowing experimental values were used 

AH(r= 1) = 5300caim01-’ AH(r=3) = 3300caImol”1 

Tfr= 1) = 3&5x T(r=-)) = 3sOlEc. 

The tileoretical cusvcsareforfz=l,O~ -1, -2 
Onebinat.remark:ifom:moddis~~tttemcltiqgpointofdl-carvoximte 

prcpar& by eqCli&zimn cqys~ *‘-- -tion Corn a solution (ii c+, .metboQwi&be 
expect& to depend on the temp=atm=c of cqstaU&on, for the a@ii-&uc of 
r follows fn>m the mditi0n aqar = 0 applied to ~qn (X2), upon which the meRing 
point folIowsfi6m eqn (Is), .‘. 
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For exampIe for a = - I crystallization at 300 K corresponds to an equilibrium 
value of r = 0.9996 and a melting point of 365.08 K, for crysta&ation at 360 K these 
values will be r = 09917 and T= 36548 K, respectively_ 
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