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THE CARVOXIME SY=EM. 

IV. HEAT CAPACITIES AND ENTHALPIES OF MELTING OF &-CARV- 
OXIME, I-CARVOXIME AND STANDARD n-HEPTANE 

E L. MEIJER, J. G BLOK. J. KROON ASD H. A. J. OONK’ 

Ldkwatoria vom Stmctuwchcmie en Chcmischc ~Xkermotiynamica. Kijksunirersi~cir. Pudualuun 8. 
Urmlit (Tire Ncrlrcrlanck) 

(Relived 23 September 1976) 

Ileat capacities between 160 and 385 K and eilthnlpiesofmcltingof~~-ca~ooxime 
and I-carvoximc were determined by adiabatic calorimetry. The performance of the 
apparatus was checked on standard n-heptanc. The enthalpy of melting values are 
dlcarvoxime, 22.70 & 0.06; Iawoxime, 17.02 + 0.02; n-hcptane, 14.059 & 0.010 

kJ mol”. 

Ib7RODUCXlON 

The present paper reports on the results of measurement by adiabatic calori- 

metry of the heat capacities and the enthalpies of melting of cffurvoxime, Iervoxime 
and standard n-heptane. It is the fourth account of our investietion which aims at a 
better understanding of the relations between structure and thermodynamic propertics 
of the mlid .solutions formed by laeru-rotatory and dexrr&rotatory carvoxime 

(C,oH,sNO)- 
The results of the crystal structure determinations of Al- and I-carvoxime. which 

have been reported in Part I’ and Part II*, respectively, give rise to a model in which 
the two types of lattice sites named D and L are occupied in the following manner: 

in I-carvoximc both D- and L-sites are occupied by I-molecules; 
in dkarvoxime the D-sites are occupied by &molecules and the L-sites by 

I-molecules; 
for compositions between I and d/ all L-sites arc occupied by I-molecules, the 

remaining f-molecules and the d-molecules being distributed over the D-sites; etc. 
Enthalpies of melting of lower accuracy have also been reported in Part III’, 

in which an account is given of DSC experiments and of phase diagram calculations. 

- _-_- 

l To whom corrapondene should be addressed. 
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771~ DSC experiments also revealed the presence of another, me&stable, series of 
solid solutions, and showed for rU_carvoxime the ability to assume several solid forms. 

As starting materials we used commercial, technically pure. samples of d- 

czrvone and I-carvonc. Tbezsc substances are present in naturally occurring essential 
oils; e.g.., darvone in caraway oil and f-urvone in oil of spearmint. Karvoxime 
was prepared froln I-carvoneand dl-clrvoximc from a I : 1 mixture of& and I-carvone. 

SoWions of carvone and hydroxylamine hydrochloride in methanol were 
joined and left BE room temperature. After three days the reaction mixture was 
pou_zd into four times iis volume of water upon which carvoxime scpantcd. The 
crude material WJ~ rtcrystallizd from methanol. Final purification took place by 
the rapid zone refining technique described by Bollen et 3Ld; loads of 4 cm-’ having a 

spezdof6cmh” passed through 20 zones. 

Apparatus 
The adiabatic czJorimeter we used (indication rtlumber II) has been described 

previously’. It consists of a 9 cm3 sample container surrounded in vacua by two 
temprature+zontrolJed shields- For experiments in the lower temperature range the 
vacuum can is immervrd in liquid nitrogen: for experiments above room tcrnpcnturc 
the can is immersed in _mnular ice_ A new three-lead 100 f.? pbtinum resistance 
thermometer (indication number 5) with improved calibntion has been applied 
because of brcaka2.e of the previous one. This thermometer was calibra-3ted in situ 
against our iaboratory standard, a four-lead 25 R p!atinum resistance thermometer 
ulibnted on Jvfs-68 at the Kamcrfingh OJXRS Laboratory at Lcyden- The per- 
formance check of the apparatus on n-heptane’ was repeated on the same standard 
sample obtained from the National Bureau ofstandards at Washington. Calorimetric 
results for n-heptane, including standard sampI=. have been surveyed by Stul16 and 

Huffman’. The sampk: container was filled in air- Rcfore tightening the screw cap, 
which presses a closun: sheath into the sharp edge of the container aperture, the air 

was pumped off_ In tke case of n-heptane a tcfon sheafh was used. This impeded 
experiments between 280 and 310 K, since teflon shows an anomalous heat capacity 
in that rqion 8_ Thcreforc, in the experiments on the =rvoximcs, the t&on sheath was 
replaced by a golden oue. Before the cxpcriments were started, the carvoxime -samples 
were melted, quenched and anncalcd for some hours at about 5 K below the melting 

temperature. Annealing was also done before each new series of runs. 

The raw calorimetric data are corrected for constant energy-leak, for short 

time enerm-leak due to momentary deviations of shield control and for differing 
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contributions of teflon and golden closure sheaths usins published data** 9. Molar 
heat capacities at saturation pressure Cm, arc found by 

Ta 

WL, - 
I 

C-U) dT 

C I’I 
UC ‘- --.__ - _ . .._ ___- 

63 - 72 * 
(1) 

where WL, is the corrected energy input, C,,, (7’) is the filled heat capacity poly- 
nomial function of the empty sample container, T, and TL are the equilibrium 
temperatures at begin and end of the input, m is the number of moles. Ne_electing 
corrections for saturation pressure and vapour volume’“, the numcra,tor of (I) divided 
by m can be approximated by the molar enthalpy increment AH. Furthermore, 

curvature corrections’ ’ arc ncgli@blc outside the melting range, so eqn (I) gives 

C,,(T,) with T, - (T, + T,)[2. These values are tabulated, while for the melling 

ranges enthalpy increments arc listed. 
The enthalpy of melting is calculated as the total excess enthalpy increment 

over the entire temperature interval whcrc melting takes place. The initial temperature 

T m:zinL of the premelting (the onset of melting effects which increase the heat capacity 
of the solid phase) is taken as the temperature from which the experimental heat 
capacities start to deviate more than two times their standard deviation from the 
fitted heat capacity function. This function is found by an iterative procedure of 

least-squares fitting the experimental points to the polynome Cri, = 5 ciT’ where 
1-o 

n stands for the number of significant parameters. In each step experimental points 
that deviate more than two times their standard deviation from the fit arc rejected. 
It is clear but acccptablc that Tz$,, still depends on chc experimental precision. The 

- “,,I 

Fig. I. Melting curve. 
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&&iog function is called the normal beat capacity of the solid. The end of the 

mebIg tally v;y;,G is read from a plot of measured equilibrium tcmperatunzs 
zgainst dative molar enchalpy (see Eg. I). Theenthalpy of melting at the final melting 
temperature is then ticulated from a series of inputs between T; and T; that spans 
the cntirc rncltiog range, Z-S follows 

-[ 

P iml 
mdrh# r, 

I C,&olid)dT c 
I 

C,,(liquid)dT (2) 

TABLE I 

EXi’ERMENTAL HEAT CAPAIZIILES OF Il-IiEPTASE AT SATURATKFJ PRESSURE 

.Samplc mass, 3.6182 g; nwkuktr uright, 100.21; T, is the mean tempmaturc of ~hc interval ~17. 
______ ____-___-_ ._ ._._-_ .._. -_-_-__..-_-- _ -_____-_._______._______--,_ 
T,/KI= AT-(Kj 

~~,-‘K-., 

T’(KP AT(K) c SSL 

(Jmd ‘K) 
---_-s--P -----._-. _ ---_-___----I-__I___ 
Rhnf 190.9183 14.7180 ml.62 
I~_7166 5.1168 128&i 204.5388 IL4780 m1.08 
166.7247 6.8WJ 133.34 2 I 6B56 10.8191 202.09 
172.7270 5.0247 137.85 226.41 I7 9.5618 203.64 
178.07JJ 5.6630 JJS.ZP 236.2793 JO.JX?3 206.05 

247.303 I 11.8729 208.18 
meting ‘57_3xM 8.2137 211.15 

J87_01?3 &2630 201.37 
197_6049 111899 20126 Run4 
209.9769 1252% miss 24,281 I 12.7824 207.09 
2225223 J252w m328 254.8504 J2Z89J 210.22 
~51.98w 1’3635 20590 267.2742 19_5213 214.29 
M7.3198 J XX74 ,3?3.67 324.2534 11.9116 235.04 
259.6621 127632 212-15 341.9995 r-5360 241.87 
327.2243 13.1064 236.05 354.6370 3.6622 247.08 
340.3171 J 3-0284 241.09 
3w.7-t-e 7.7907 245.57 Run5 

182.0947 6-1491 m3.41c 
Run? rnJ_4470 14.3243 mu0 
313.1541 5.1130 29.9 I ?14.Rds2 I%442 Ml-66 
3 17.7-w MO38 23z89 22G_4345 10.7022 m3_43 

238.054 1 1~4830 206.07 
Run3 250.6654 12.fsM 208.86 
157.3cn7 1 I AH91 125’94 263.4733 l2.8726 212.68 
167.14W 8.4372 133.41 316871 I 12.9550 23222 
173.4941 4z?m 138.49 330.0261 J 3.23211 X36-67 

341.8836 JOAU6S 241.18 
melting 352.05 16 9.865 I 245.75 
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TABLE 2 
FWl’EfBHEATCAP~ ABD TEUR STASDAIID l%VlATM’l!4S OF II-HEPI-A?ii AT SATURATlO+i PRESZiRF: 

A---_-- -_-- ----- _ 

WKI CflC C?LE.S_* 
fJ mfd-‘K-‘i {Jmd-fiK-&) 

-. ---* -.--- - -_- -- --.___ - 
solid 

160 128.09 * 0.10 123.03 
165 131.93 0.07 132.46 
I70 135.77 0.08 136.03 
175 139.62 0.12 139.82 
180 143.46” 0.16 145.13 
18x7 14553b 0.19 <148.58 at 182.56 K) 

ikpid 
182.7 203.06~ 0.21 (203.15 at 182.56 K) 
190 201.9! 0.13 201.86 
200 201.17 0.11 201.31 
210 201.54 0.11 201.68 
220 202J9 0.10 202.74 
230 2tM27 o_t?s 2fM.36 
240 206.48 0.08 206.47 
250 209.09 0.09 208.93 
260 212.03 0.11 21 I.73 
270 215.22 0.12 214.81 
28r) 218.58 0.13 218.13 
290 222.09 0.13 221.75 
300 225.69 0.12 225.44 
310 229.37 0.12 229.27 
320 233.53 OX? 233.25 
330 236.93 0.11 237.38 
340 240.93 0.10 241.67 
350 245.04 0.14 246-m ----- - ___ -.--._ ..Y-_.____- - ._.. -_- - -_---..--- 
- Douglas et al.*z- b E3npolatd 

TABLE 3 
L~~IIALPY QIASGES IN TIIE IIELTlW RASGE OF tl-HLPTASE 

Sampkt rims. 3.6182 8; mokcufar wright, 100.21; dffexcM is the experimental cnthalpy increment 
-4ff minus -A?&,,. the intqgzstcd norm4 beat capacity. 

--.- -- - . - ----- -- - -- - - _ -__.-. --__-.- ._._ _.___-___ __ 
Temp. inm-rP nw tf~fclorm :fHrlras 

(J mol-‘) (J t?Wl-‘) (J ntul- ‘1 
_-em-. -- ---W.-m - ---*_._. .-- I)_ - _ _. 
Run lb 
175.2426-180.9056 K 822 804 18 
18C.9108-182.7148 K 11010 261 11749 
182.7148-183.8731 K 2531 2% 2297 + 

-izU 
Run3 
175.6215-1826353 K 4781 1009 3772 
182&‘W-182.6938 K 7997 I 7996 
182&938-18Z692.5 K MO8 0 1408 
l~WS182.6955 K 717 0 717 
182.6955-l 83-8738 K 3c)R 237 161 ;_ --.-_. 

14054 --. --.----. _____. ---_- __-____ -.__ ---.-_ 
fi The number of digits of the temperatures Only has signifrairt on a reiatiw scale Equilibrium 

ttznmtuns in th mttting tangrt tnrzy k dacrmind within 0.01 K_ 
b Run numb correspond to thasc of Tabk 1. 
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The experimental heat capacities are listed in Table I_ The mdting range 
covered 176 to 182.7 K. The fitted heat capacity functions, summarized in ,Table & 
have two and five s&nificant parameters, respectively (see Table 6). The third column 
of TabIe 2 contains smoothed vakes of the N_B.SWX2. Awment exists within 0.7% 

for the solid and 0.2% for the Iiqu~d phase below 340 K. The fitted functions have been 
extrapolated to cafculate exazss mthaIpies for inputs in the melting range (seeTabie 3). 
The temperatures in the last section of the melting curve scattered between 182.69 

and 182_7,7 K: the kJ.B.S_ value” for the triple point of the pure substance is 182.56 K. 

TABLE 4 

Mokdar wight: 165.23. Tn, is the mean temperature of the interval AT. 
_ . . -_-__--._-_._..-_._ -- 
T,(KJ= dTf.KI c&r T,/IyP AT{KJ - 

IJ md-‘BP’) 
.,-_ -_-. - -__. - _ .-- . _-_ . ---. _.-. _ -_.--_ -n-_-v ---- 
dtarr;otinx, unlpk Inass 3.1532 g 

Rllni 
369.1931 
379.6999 

Rwt? 
2112776 
221.6465 
2+15003 
247.3799 
26t3_ixxi6 
97_.N3J f 

294.85?2 
3 18.3768 
3M.8480 
311.3309 
U8.0058 

370.6550 
378.3387 
3863979 

&ul3 
I 58.8+83 
179.5954 
190.9574 
202,2368 
219.5l16 
2294aE 
241.6054 

254.0835 

5.9186 92O_OOQ 

9.8fi63 379s 

lZ_6fa9 
8.0159 

198384 
138747 
1rjiM8 
-n aa4 - 
i 2.6390 
26.5!)37 
62649 
6.6W 
6Aw8 

mdting 

7.637X 
7_6’?86 
7.9757 

183.11 
29?Aw 
203.01 
213.48 
3E3_72 
23Mi6 
253.95 
271.13 
283.76 
290.92 
3oo_w 

37266 
378.04 
38E9 

192.99 
fs829 
167.87 
in.04 
186.64 
399.31 
209.35 
218.47 

266.6264 13.1651 228.72 
_2Et9M2 13.3890 239.9 i 
294_9aia 16.5600 253.71; 
310.0171 13-397-l 263.86 
zos.3-#55 13.2987 262.79 

mcLing, including uorhcrmic cffkt 

371.3731 7_7562 372.18 
3sao227 9-4822 378.27 

Rrrn J 
189.5099 
1975563 
210.0922 
22z73lx 
23X5752 
2492342 
2fZ8526 
277-4031 
290_5%6 
3059681 
3zMoo7 
333s6O 

366.3762 
371.3161 
3Txo-738 
38&7&28 

13.3-sz 162.10 
JZ7J46 172.42 

123201 182.57 
lLS9SI 192.96 
IZ74ix 204.05 
19.5156 215.38 
12.6708 226.23 
13SB76 24ww 
13.22s 25054 
17.4339 263.00 
I1.9662 274.26 
13.4888 285_4s 

melting 

23201 
7s180 
79622 
7-4024 

370.30 
373.64 
378.05 
38252 

(ck?ntintIcd on p. 331) 
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TABLE 4 fcontinued) 

TdKP AT(K) c sat 
(I nd-‘K-‘J 

RWJ 
197.2622 
210.1182 
222.6727 
235.22al 
247.m74 
*%&em 
271.2432 
284.0582 

13.1482 175.92 
I z-5339 185.52 
12.5347 195.40 
lZ5048 205.83 
123838 215.01 
12.6958 222.88 
12_6974 232.57” 
12.8622 243.65 

295.4083 9.765 1 253.72 

L(KJ* AT(K) 

____--_-_- - -.__- -__ 

Run3 
SCM.2788 14.0066 
315.2535 7.8862 

me11 ing 

348.5756 2.4177 

Run4 
312.2651 14.1352 
31 I.1445 14.8901 

melting 

c 
(:kd-IK-‘J 

---. -- 

261.05 
270.05 

360.86 

267.90 
267.42 

Run2 34s.3001 5.1816 357.3Y 
195.1130 13.0778 174.76 353.1888 10.5631 363.97 
208.5371 13.7475 185.27 364.4236 I I.8417 371.90 
22J.tW7 12.9239 195.96 375.1543 9.5427 379.45 
234.g605 12.9621 X%.CW’ 
247.8557 11.9802 215.80 Run5 
260_9xa 13.0988 225.51 
271.5383 14.7279 234.16 meIcing 

‘87.3,XKl 16.765 I 246.64 351.6249 7.873 5 362.73 
302.3300 13.1510 258.33 359.5307 7.8876 368.81 
314.3231 10.69U 268.46 367.4510 7.9051 373.43 
322.5825 5.7690 276.62’ 374.0755 5.3035 378.18 
3?x2360 5.4760 286.9P= 379.4157 5.3278 381.20 
333.6w9 5.3718 3Ql.W 384.7778 5.3441 385.48 
------ - - -.-_ -._...--..-- --_ - - . . _- 
a The number 0T di#.s only has signifiincc on a rchliw scde. 
b Kejcctcd because this value deviates more than two times the standard Jcviarion from the fit. 
c Thii value falls in the pmnelling region_ 
d Supcrcookd liquid after heal lass 0vcmighL 

Therefore, absolute temperatures are estimated to have a maximal systematic error 
of i-O.2 K. The cnthalpy of quasi-isothermal meltin, - at 182.7 K was found as 14059 
2 10 J mol-’ from two runs, which corresponds LO the literature within 0.3% or 

better: 

AHerlrirr (J mol -‘) 14059 -& 10 this work 
14023 f 14 N.B.S.” 
14017 _c 17 Scull6 
14037 + 8 Huffmanet al.‘. 

iII- and I-carro.~ime 
Experimental heat capacities and fitted results are piyen in Tables 4 and 5 for 

both dl- and I-carvoxime. The inputs in the melting ranges, defined above, are 
collected in Table 7. The melling ranges are 345 to 365.1 K for &carvoxime and 320 
to 346.5 K for I-carvoxime. A&_,, was calculated rrom the fitted functions of 
which the parameters are given in Table 6. 
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TABLE 5 

‘j-f XI dl-carrpoxime bcuroe VW dktarroxibre Isnrnrrimr 
Ct,r Cnr Gil Cru 
fJad-‘K-&j ff ml-=x-~) (J md-‘K-t) {Jmal-‘K-1) 

-_ .__-.----- ._ __ .._- ._,. I_. - -. -__-_ -__. ___. _-_- _ ,_ 
solid sdd 

160 J42_16 & 0.30 M&98* & 0.83 310 xb#_93 5 0.21 265.55 f 0.21 
170 I SW34 0.2B 1scB’ 0.G 320 273.12 0.23 273.91 0.29 
180 158.53 025 163SP 
190 166.71 023 17D.96 
200 174.90 0.21 am.43 
210 JL13mz 0-M I ft5.98 
220 191.27 O.I7 193-a 
230 19Ms 0.16 2a.M 
a0 ,m.64 0.14 ,709.07 
250 215.82 0.14 216.92 
260 224.01 0.14 224.M 
270 232.19 0.14 232.83 
zso 250.38 0.15 2#.9o 
_xJ 248.56 0.17 249.05 
300 2S6_75 0.19 257.26 

----_-- 
l Extlzlpobtcd_ 

-_I- 

0.50 

0.37 
0.27 
0.2 I 
0.18 
0.18 
0.19 
D.20 

E! 
oh7 
0.16 
O-17 

.__ v-P_ 

330 
340 
Mt.5 

346.5 
350 
360 
365. I 

365.1 
370 
375 
380 
385 

281.30 0.25 
289.49 0.27 

297.67* 
305.86’ 
310.03. 
liquid 
369_3t+ 
37z35 
375.4 I 
378.46 
3sJ.51 

.-e 

0.30 
Of2 
0.34 

0.26 
0.18 
0.13 
0.14 
021 

28235” 
,zmm 
2%..52* 
liquid 
359.15 
361.57 
368.48 

375.39 0.17 
378.84 0.21 
382-30 0.25 
385.76 O-30 

-em-- -_ 

0.41 
0.54 
0.64 

(5.26 
0.23 
0.17 

TABLE 6 

_-- -- -a-_--_ __ - -_---.._-.~-_ .-. --..- -_--_ ^--,-_- - 

S.&d fi4ukt 
-1 __.III_-_----l.- -- __-_ -_ -_.-._ ._.-_.- ___- - 

n-heptane ca -- 5.m J rnoI-‘K-1 a -_ 6.92261 - IOr JmoI-JK-I 
CI -= 7-C&36 - IO-1 Jmol-‘K-2 CI -k -6239116 J mal-JK-z 

#z:; 3.456259 - IO-” J ~nol-‘K-= 
c2 = -7.38839 - 10-s J mol-lK4 
t-4 -s 5.98774 - IO-‘ J rn&~K-s 

d-carvoxim co - 1.1 I96 - 10 J mol-W-1 a -: 1 A63377 - JlF J rnol-LK-’ 
CY -.s IL1851 - 10-L J mol-LK-= c1= 6.1089 - IO-’ J JIM+‘K-2 

kWVOXimC ~0 ?-I 4.3016 - 10 J md-JK-’ CO= I.19653 - 18 J~nol-‘K-J 
CL .= 6_12294 - 10-l J LI&-“K-2 tx = 6_91L8 - 10-11 mcWK-* 
c!J i 3.7068 - 10-G 3 mol-‘K-J 

Prehminary experiments show& that melting of the material ITSIJICS in a lowering 
of the mekinp temperature in thr: subsequent run_ For bosh sampJes the total decrease 
wiis aboutD.2 K which amounts to a .colid inroluble conrsmination of about 0.4 moJ %. 
The ttipIe point tesnperar~~ns of pure u’f- asd f-carvoxime arc therefore reported as 
365. I + 0.2 K and 346.5 f O-2 K, while two eomplcte mcJt;ng RUE for each substance 



333 

TABLE 7 

-.___.-- -- __l-_--M- 1-_._ 
Temp. infmnwP AH -4 Hao*ta 

ff rnol- ‘) (J mal-'J 
-mm_ .-_. me.-.__- .- --I.___--._~--.-_-_--_ ___ 
df+moximc. sample mass 3.1532 g 

Run ? 
350.2521-361.7182 K 11117 4395 6752 
364.7182-366.8193 K 16724 138 15916 . 

‘;- _- 
22728 

Rum3 
315.0196-328_8_X10 K 3760 379 I - 31 
328.820&342.2037 K 3588 3826 - 238 
342.2037-3677.4651 K 29$76 77% 21722 

4. .l’r<z<c 

Run4 
337.5607-361.8813 K 24685 8160 165’S 
26X8812-365.2161 K 6?53 105 61G? ‘. . . ._ - - . 

22673 

larsoximc. sampk mas 3.4646 s 

RIUJ 2D 
31950-325.4690 K 1596 I593 3 
325_~98&330.97)7-10 K 157z 1538 
331 _OOlo-336.3728 K 1618 1534 G 

Ran3 
319 31Z%S7.W35 K ._ 25083 aY74 17009 

Run4 
318.61W-M6.0185 K 17410 7791 9419 
346.0185-346.2633 K 53M 73 5311 
3462633-317.3234 K 2162 366 . a.- 

’ 17026 

JzJul5 
3393538-347.6699 K 18677 2517 16160 
-.-.-_..-.__ ---_._._ _ _._- _.---_I_-___~-.__-.-_-----_-_-- _____------ 
s The number of di&s of the tempentrrrcs only has sipifiirue on ? dative wk. Equilibrium 

temperatures in the melting range may be dctennird within 0.01 K_ 
a Run numbers correspond to those of Tabk 4_ 
c During thk run an exothutnic Lffcet was Obsaval 

lead to cnthalpy of melting values of 22701 -+_ 60 and 17018 -C_ 20 J mol”, respec- 
tively (see Table 7)_ In run 3 on dkawoxime a ,gadual exothcrmiccfkct occurred 
in the meltin_e range. The heat capacity of the solid measured in that run did not 

deviate, Exothctic cfkts were also observed in DSC experiments3 along with the 

occu~r~ncc of several solid forms. The results by adiabatic calorimetry and those by 

DSC3 a_erce within cxpcrimcntal uncertainties. 
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T(X) AH(k/ mol-‘) 

dkarvoxime 

kzwvoxime 

365.1 + 0.2 22.70 f 0.06 adiab. ul. 
- 364.9fO.l 22.2 f 0.4 DSC 

346.5 2 0.2 i7.02 & 0.02 adiab. cal. 
346.1 i 0.2 17.2 f 0.4 DSC 
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