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A set of best values for t he temperatures and enthalpies of fusion alld transit ion for the 
n-paraffins is presented. From a n analysis of these data a general qualitative t heory of the 
phase behavior of the n-paraffins is developed. Four distinct. crystal structures- h exagonal, 
t riclinic, monoclinic, and orthorhombic- describe t he solid phases of all n-paraffins with 
more than nine carbon atoms in the chain. The la tter t wo structures become equivalent 
at longer chain lengths. Odd-even d ifferences are resolved in terms of reasonable dif­
fet'ences in end group packing, a nd t he smooth in crease in melting and transition t emperature 
" 'ith increasing chain length is attributed to a dec rease in t he r atio of end groups to ch ain 
groups. Double t ransitions a re predicted for several pure n-paraffins above n-C34H 70 • 

Impurity effects are isolated from the pure n-para ffin properties and disc ussed. The equa­
t ion, TM (O K ) = 414.3 (n- 1.5) ! (n + 5.0) is presented as a correct descript ion of the melting 
temperatures (T M ) of all n-paraffins above n-C44H IlO • Suffi cient data t o permit an accurate 
extrapolation of the enthalpie and entropies of fusion to the infini te-c bain limit are not 
avail a ble. 

1. Introduction 

In spite of much n-paraffm data in the literature, 
no aCCUl'fl te overall in terpretation of the solid pbase 
behavior of the n-paraffm series has been presented. 
Individual members of the n-paraffin series fre­
quently exhibit behavior which appears to be 
anomflJous. A double solid-solid t r ansition re­
ported in n-C36H 74 , for example, has not been shown 
to be consistant with the behavior of neighboring 
homologs. This present work is the result of an 
attempL to understand the solid state behavior of 
the en tire n-paraffin series and to resolve the appar­
ent anomalies. In particular , this paper establishes 
a set of selected valucs for the temperatures and 
heats of n -paraffin phflse tr ansitions bflsed on data 
curren tly obtainable from the literature. These 
data are combined into a general phase scheme, 
which is intended to redu ce the confusion aud mis­
conceptions which exist in this area, and to give the 
re~lder a simple and unified picture of n -paraffm 
p hase behavior as related particularly to temper­
nture and chain length . X-ray long-spacing data 

which are pertinent to this work have been included 
and although emphasis is placed on the properties 
of pure compounds, a discussion of impurity effects 
has necessarily been added to clarify data inter­
pretations. 

The organizat ion of' the pn,pcr is such that the 
dat~1. and results mfty be quickly extracLed from 
section 2 while details of the work are re erved for 
section 3. The references are intended to cover 
the bulk of the available useful and reasonably 
accurate work on n-paraffllls. 

2. Data 

2.1. Phase Nota tion 

Many different ph ase notation systems can be 
found in th e li tera ture and it is frequently difficult 
either to understand or to correlate these systems. 
In table 1 we ihtroduce yet another notation and 
correlate it, insofar as possible, with several previous 
ones. The new notation was designed to combine 
historical precedence with truly descriptive symbols. 

c 

c 

C 

C 

T ABLE 1. A description oj the phase notation used in this work and its correlation with other notations in the literature 

Rcference Tbis work 

TIcxagonal 
bains arc perpendicular to tbe end group planes. Molecules aH 

rotate about long chain axes. 

Orthorhombic 
haius are perpendicular to tbe end group planes. 

is greatly restri cted. Subcell is oriborbombic. 
Rotation f30 

T riclinic 
hains make an angle of abou t i3 0 with the end group plancs. 

Rotation is greatl y rcstrictcd . Subcel! is t riclioic. 
f3T 

lvfonoclinic 
hains ma ke all angle of abollt 610 with ihe end group planes. f3 >1 

Rotat ion is g reaLI~7 restri cted. Subcel! is orthorhombic. 

a Refers to thc CH, subceJl structure. 

Hoffman and K itaigorod· Scbaerer, Garner, 
Decker [34] skii [301 Gray [18] Templin [22] Bayle, and VanBibber, 

Mazee [20] b and JG ng [15] 

a H a A Sa a 

8. R a f3 A, Sp 

f3- A T a 'Y B Sp 8 
2 

f3-B R a ~ B Sp 8 
2 

b W. M. Mazee bas pOinted out th at tb is correlat ion is not always valid sin ce 
b is notation is based on thermodynamic rather than crystallographic phases. 
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The Greek letters a and {3 are still used in the tradi­
tional manner to represent the rotator solid phase, 
stable (if present) just below the melting point, and 
the denser, low temperatme, nonrotating solid phases, 
respectively. To these symbols have been added the 
subscripts H, 0 , T, and 111 to designate the hexagonal , 
orthorhombic, trielinic, and monoclinic crystal struc­
tmes, respectively. These four solid forms are suffi­
cient to characterize the structures of all odd n-para­
ffins above 0 9 (abbreviation for n-OgH 2o) and all even 
n-paraffins above 0 4• We will not be particularly 
concerned with the remaining very short n-paraffins 

which form solid structmes that do not fit into the 
chainlilce pattern of the longer paraffin. 

2 .2 . Temperatures and Heats of Phase Changes 

The temperatmes at which phase changes occm 
in the n-paraffins are listed in table 2 and presented 
graphically in figme 1. The heats of transit.ion and 
melting are listed in table 3 and presented graphically 
in figUl'e 2. For the shorter chain lengths (n<20, 
where n is the number of carbon atoms in the mole-

T ABLE 2. Nlelting and transition temperatures (OK) of the n-para:{fins d 

N umber or Exp. Smoothed ' Exp. Smoothed Exp. Smoothed Exp. Smoothed 
carbons in TM ReL' yalue T.I[ Rer. ,alue T , Rer. value T, Rer. value 
chain 

1 90.67 ' [351 
2 89. 88- 351 
3 85. 46- 351 
4 134.8 351 
5 143.4- 35J 
6 In s ~ 
7 182.5- 351 

217.2' [36] 
8 m64 13m 
9 C<H--,>l a 219.7 - 361 

10 1--------1 243.5 36) 
" ~6~ ~6~ 12 __________ _______ ____________ 263.6 [36) ___________ _________________ _____ __ _ _ 

~ ~8~ ~O~ 
14 279. 0 [36) 
15 283.1 [36) 270.9 [36) 16 _____________ ________________ 291. 3 [361-__ __________ ____ ______ __ ___________ _ 

17 295. 1 [35) 283. 7 [2l] 

flT-)an 

18 301. 3 (35) 
19 305. 2 [21) 295. 2 [21] 20 ____ _ ________________________ 309. 8 (20) _________________ ___ ___ ____________ _ 

316.2 [21] 
21 313.4 12tl 1--------1 305.7 [21] 1--------
22 317.2 211 
23 320.7 211 313.7 [211 

321. 3 [21] ~~----- ~~~: ~ ml------------- --- --------------------- -32ii~2--(2-lr--------- -- -I--------

26 329.5 
27 332.0 
28 ______ 334.4 
29 336.6 
30 338.6 
31 340.9 
32 ______ 342.5 

33 344.3 [37) 340.6 

34 345.9 
35 347.7 
36 ___ __ _ 349.1 I~t ----------- ________________________ m:~ mL----------
37 350.6 34S. 7 
38 352.2 
39 353.5 
40 ______ 354.7 Im-- ----------- ____ ___ _________________ ___ ________ J~l ~ 
41 
42 
43 

44 
46 
50 
52 
54 
60 
62 
64 
66 
67 
70 
82 
94 

100 

358.5 [38) 

356. 1 355.5 
357.3 357.0 

~o--'>l 35S.4 

359.6 P9) 359.3 
361. 2 

1!61 
36t. 5 

365. 3 365.3 
367.2 41l 367.0 
368.2 401 368.6 
372.4 411 372.9 
373. 7 

r01 

374. 1 
375.3 401 375. 3 
376.8 41] 376.4 
377. 3 41] 376.9 
378.5 40) 378.4 
383. 5 f421 383.3 
387.0 541 387.1 
388.4 [42] 388.6 

~"--'>C<H 

326.5 [21] 

331. 2 [21] 

335.2 [21] 

338.7 [22] 

~"--,>~o 

342.2 

345.3 [21) 

34S. 1 

a The indicated phase transition at the top or a column applies to the temperatures below it in that column. 
I> Literature rererences are given in brackets and refer to the 1 ist or rererences at the end of the paper. 
, Smoothed valnes are reported in some cases where experimental " al ues could not be fou nd or where the 

experimental pOints do not lie on a smooth curve through adjacent va lues. 
d 'l'hcsc temperatures are shown graphically in fi gure 1. 
- These shorter componnds have structnres different from the normal tricl inie structure or the longer n·par­

a fIin s and hen ce sbould not be expected to follow tbe same pattern or beha\'ior. 
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36 0 (0) 000 n-PARAffINS 

340 -

LlOUID 
320 

300 

280 

130 

360 

240 

220 

36 0 
(b) EVEN n-PARAffINS 

340 

32 0 lIOU ID 

:'_ 300 

~ i 280 i3, 

260 

240 

220 

200 L-______________________________________ ___ 

360 

340 

320 

300 

280 

260 

240 

220 

200 

(c) EVEN AND 000 

n- PARAffiN S 

12 16 20 24 28 32 36 40 48 
NUMBER Of CARBON ATO MS 

F IGU RE 1. Experimental melting and tmnsil'ion tempemtw'es 
fOT the n-pamffins containing from 8 to 50 cW'bon ato ms per 
molecule. 

The ph ases which arc stable in the various regions are shown and the t ransition 
lines a.re jdenti fi ed in the key. The clashes jndicatc uncertai n tr ansit ion li nes. 

TABLE 3. E xperimental heals of melting and tmnsition 
(kcal/mole) for the n-pamffins 

N um ber of E xp. Exp. Exp. Exp. 
carbons in ReL Ref. Ref. ReL 

chain M -I f c.H, c. 1f, .1 1 [, 

{JT-'> l 

1 0.225 d [35] 
2 .8634 d 
3 . 8422 d [35j 
4 1.114 [35 
5 2.006 d [35 
6 3.114 [35j 
7 3.354 d [35 
7 cu-J-tla 4. 957 [36 
9 3.697 [36] b 1. 501 d [36j 

10 6.863 [36 {J o-,>aH 

11 5. 301 [36] 1. 639 [36] 
12 8.804 [36] 
13 6.812 [36] 1. 831 [36] 
14 10.772 [36] 
15 8.26R [36] 2. 191 [36] 
16 12.753 [36] 
17 9. 676 [36] 2.64.5 [44] 
18 14.81 [35] 
19 10.95 [21] 3.30 [21] 
20 16.70 [21] 
21 11.40 [21] 3. 70 [21] fh-4aH 
22 I t. 70 [21] 6.74 [21] 
23 12.90 

m1 
5. 20 [2 L] 

24 13.12 7. 48 [21] 
25 13.80 [21] 6.23 [21] I9M-4O:R 

26 14.22 [21] 8.18 [52] 
27 14. 44 1211 G.92 [21J 
28 15.45 12 L 8.47 [21] 
29 15.80 [21] {J o-,>l c 7.5<1 [52] 

30 16.45 [15J 23.9 [38] 8.96 [52J 
3 l 25.2 [38 6.7 [38] 
32 18.3 [43] 
33 
34 19.11 [15j I I. 48 [15] 
35 20.65 115 28.3 [38] 7.3 [38] {J M-'>{JO 

36 21. 23 [~1] 7.3 [21J 2.37 [21J 
37 
38 
39 
40 31. 5 [38] 
4L 
42 
43 34.3 [38] 

• The indicated pbase t ransition at tbe top of a col umn applies to the temper. 
atures below it in that column. 

b Literatme references are given in brackets and refer to the list of references 
at the end of the paper. 

o T he {J o-l values are com bined llCats of transition and fnsion as the (J o phase 
does not melt d irectly for th is range of chain lengths. 

d These shorter compounds have structures different. from the normal triclillic 
structure of the longer n- paramns and henoe sho uld not be expected to follow 
t he same pattern of behavior. 

cule) the de1.La are fairly complete and considered Lo 
be quite accurate. At long chain leng ths (n>40 ) 
very Jew data exist and "bes t" values must be ob­
tained from f1 graphically or ma thematically fi tted 
curve. In t able 2 the " best" values for the m elting 
poinls of th e paraffins above 0 44 were ob tained from 
th e equation TlIf(OK )= 414.3 (n- 1.5) / (n + 5.0), as 
discussed furth er in sect ion 3.3. In the intermediate 
range (20< n < 40 ) there frequen tly are many con­
flicLi ng datc1. available for a single compound, and 
card ul selection of Lhe "bes t" values b ecomes neces­
sar.,-. In this work, valu es were selected for t ables 2 
and 3 after consideration of sample pmiLy and con­
sis tency with other da ta for th e same compound and 
for neighboring homologues, Since the usual im­
purity corrections are not generally v alid for t he 
n-paraffins (see sec. 3.5a), a corrected melting point 
was not necessarily considered to be more aCCUl'ate 
th an an uncorrected melting point. If, for a given 
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FIGURE 2. Expel'imental enthalpies of fusion and transition 
for the n-para.ffins containing from 4 10 43 cm'bon aloms per 
molecule. 

T he transition lines are identified in tile key. 'file Po-I, and PM·1 Jines represent 
the SillllS olheats of lusion (aH-I) and transiLion (fJo-aH or PM-aH) . 

compound, only one datum could be found, that 
value was listed together with (if necessary) a 
smoothed value. In general the entire set of data 
was selected from the standpoint of achieving overall 
consistency with the total accumulation of published 
data. 

3. Details of n-Paraffin Phase Behavior 

3.1. Crystal Structures 

The various crystal modifications of the n-par­
affins have been extensively studied. The hexagonal 
(lXH) form, in which the chains are arranged per­
pendicularly to the plane formed by the methyl 
end groups, was discussed by Muller in 1930 [1 ].1 
This lXH form is stable just below t.he melting point 
in the odd paraffins from 0 9 to 0 43 and in the even 
paraffins from 0 22 to 0 44 • An important feature of 
the lXH phase is the high degree of rotational freedom 
of the molecules about their chain axes. 

Structural details of the orthorhombic «(30) [2 , 3, 
4, 5], triclinic «(3T) [6], and monoclinic «(3M) [7] phases 
have been re.ported for the n paraffins, including 
the polymer limit of very long chain lengths [8]. 
The (30 phase is the stable low temperature phase 
of the odd paraffins above 0 9 and is the commonly 
occurring low temperature phase of all paraffins 
above about 0 40 • This form consists of vert.ical 
chains (i .e., chains perpendicular to the end group 
planes) and hence transforms quite easily from the 
lXH phase when , upon cooling, chain rotation ceases. 
The lXH-(30 transition is a simple rotational order-

1 Figures in brackets indicate the literature references at the end of this paper. 

disorder transition [9]. In the remall1ll1g two (3 < 
phases «(3T and (3M), the chains are t ilted with respect 
to the end group planes and the transition from 
the liquid or lXH phases would seem to be a more 
complex process. The (3T phase is stable at low 
temperatures in the even paraffins below 0 24 and 
possibly also in 0 26 • This phase has been found to 
persist even down to Os and 0 6 [10] and possibly 
0 4 , Above (and possibly including) 0 26 (3M is the 
stable low temperature structure for the even 
paraffins. The frequent occurrence of the (30 struc­
ture in the even n-paraffins above about 0 40 is 
probably due to impurities and the very small 
difference in free energy between the (30 and (3M 
phases. 

The above forms have been studied with some 
success from the standpoin t of geometrical packing 
[11- 13]. That is, if one considers the molecules 
to be made up of overlapping spheres of size and 
separation consistent with atomic l'adii and molecu­
lar bond lengths, then the structures one would 
expect for densest packing are consistent with 
structures actually observed . 

It is interesting that the - OH2- packing, as 
shown by crystallographic measurements [7], is 
nearly the same for both the (3M and (30 phases. The 
relative stability of these two forms must then be 
determined largely by differences in end group pack­
ing, which implies that , for longer paraffins, the free 
energy difference between (3M flnd (30 becomes quite < 
small. It is more puzzling that in pure paraffins 
the f3T phase (triclinic subcell) is not observed above 
0 26 while the (3M is not observed below. Again it 
seems that the end group packing must be an im­
portant factor and that the shift from (3T to (3M above 
0 26 occurs because of the diminishing ratio of end 
to chain groups. Roughly speaking, the - OH2-

packing is similar for all three (3 structures with the 
difference occurring in the relative displacement of 
adjacent chains in the direction of the chain axes­
none for f30, one 0 - 0 unit for (3'1' and two 0 - 0 
units for (3M. 

X-ray long-spacings offer a fairly convenient check 
on the structure of a given n-parafIln. In table 4 
and figure 3 are presented selected long-spacing data 
for a large number of n-paraffins . These data fan ~ 
on three straight lines corresponding to (3M, f3'1', and 
vertical ( lXH or (30) phases. Linear least squares fits 
of these data result in the relationships shown on 
figure 3, whcre the cosine of the angle 'Y between the 
chain axes and the end group planes for a given form 
was taken as the ratio of the slope for that form to 
the slope for the vertical form . The long spacings 
for a given phase are quite insensitive to tempera­
ture. 

Figure 3 confirms many of the important ideas in 
this study. Both (3T and (3M long spacings have been 
reported for 0 26 so that it is difficult to say which is 
the stable form, but we have here fonnd it more 
consistent to assume that (3M is more stable. The 
long spacings of the odd paraffins b elow 0 11 are seen ~ 
to fall below the vertical phase line indicating various 
tilted structures- probably triclinic-which are dif­
ferent from either (3M or (3T' One spacing reported 
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FIGURE 3. Experimental X-ray lemg spacings for the n­
parajJins containing from 5 to 100 car'bon atoms per molecule. 

The various phases are identified by the key. 

TABLE 4. Experimental X-ray long spacings (i n angstoms) 
of the n-para.fJins for the various phases indicated at the top 
of each column 

Number of 
carbons in 

chain 
a , {3o {h fhl 

5 7.35 b [10j 
6 8.62 [10 
7 10.08 b [10 
8 11.0 flO 9 12.8 b lj 

10 13.4 1 
II 15.9 [lJ • 
12 
13 
14 
15 21.0 [IJ 
16 20.9 [IJ 
17 23.6 [IJ 
18 23.2 [34J 
19 26.2 [IJ 
20 25.8 [34J 
21 28.65 [4J 
22 28.1 [34] 
23 31.16 [4J 
24 30.5 [3'IJ 
25 33.70 [4] 
26 34.95 28J · 32.9 [34J 31.0 [28J 
27 36.29 4] 
28 37.7 [47] 33.6 [34J 
29 38.85 4j 
30 40.0 [2 35.8 [34] 
31 41.4 2, 28J 
32 42.7 47J 37.8 [28J 
33 
34 45.3 [45 40.0 /45] 
35 46.64 28 
36 47.61 [42 42.25 [7J 
39 

51.3 r 44 58.3' 39 52.2' [39] 
66 85.47 46 
82 106' 42 
94 105 d [51] 

100 130' [42] 

a L iterature references are given in brackets (ollowing each value . 
b These shorter odd paraffms have structures difTerent froll the normal tri­

clin ie fO I'ID . 
e 'rlhese values were excluded from the least squares calculat ion s. 
d This is an approxhnate value indiea tin g the presence of the {hI phase In 

094 at rOOIn tem perature. 
e "V here spacings for m OrC than one phase are reported these spacings were 

obtained at different temperatures Or diITerent impurity concentrations. 

for 0 44 indicates the existence of the (3!vI form for this 
compound in support of the previous statement that 
(3l\{ is stable in the longer even paraffins. Recent 
measurements [31] on 0 94 have shown long spacings 
of about 105 A at room temperature which is also 
indicative of the (3M phase . Frequently, reported 
long spacings are longer than one would expect from 

EVEN n - PARAFFINS 000 n- PARAFF INS 

FIGURE 4. A schematic cliagmm (not dmwn to scale) that 
illustmtes eouivalence of packing of crystal layers of even and 
odd n-pamjJin molewles in the f30 phase and the impossibility 
of equivalence of packing in the f3 M phase. 'l.'he f3 M phase 
allows higher density packing than does the f30 phase for the 
even par·a.tJins, but lower density packing faT the odd pamjJins. 

This cfTeet sati sfactorily explains even-odd difIerences and similarities in the 
n·paraOtns. 

figure 3. This result is one of the impurity effects 
which will be discussed in section 3.5d. 

3.2. Even-Odd Paraffin Differences 

The n.p.araffin phase behavior is more eas ily 
understood when one realizes that the even-odd 
differences show up only when there is a tilted 
((3M or (3T) phase involved, and that the differences 
are due primarily to packing differences in the end 
group layers . vVhen the paraffin chains are packed 
vertically (aH or (30 phases) , there is no reason for 
either the chain group or the end group packing to 
be any different for the even than for the odd 
numbered chains. But when tilted (for example, 
(3M) only the even paraffins have the symmetry 
required for equivalent (apparently low energy) 
packing of both end groups. If an odd numbered 
chain is t il ted and one end assumes an advantageous 
low-energy position, the other end is necessarily 
forced (remembering the rigidity of the planar 
0 - 0 zigzag) into some different apparently high­
energy position. Hence the t il ted modifications can 
be of low energy for the even paraffins but not for the 
odd paraffins. For the non tilted modifications 
(l, aH, and (30) the even and odd paraffins should be 
equivalent and indistinguishable. Hence the so 
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called "alternation" of melting or transition tempera­
tmes occms if and only if a tilted structure is involved 
For instance, as correctly pointed out by Hoffman 
and Decker [34] alternation occurs in the melting 
points below C2; and in the transition points from 
C20 to C33 , whereas there is no al~ernation of the 
melting points above C20 • The sImple sketch of 
even and odd zigzag chains in figme 4 illustrates the 
above argument which is based on that introduced 
by Malkin [14] in connection witb long chain esters, 
but which has not since been widely appreciated. 

3.3. Melting and Transition Temperatures 

There have been collected and reported many sets 
of n-paraffin melting and transition temperatmes 
[15- 20], all of which differ in some respec~ from 
figme 1. The most satisfactory of such plots. I~ that 
of Schaerer, Bayle, and Mazee [20]. In addItIOn to 
including a wider range of compounds, figme 1 
includes several modifications to the work of the 
above authors. (1) The even-paraffin {3-aH transi­
t ion line (fig. 1 b) has been divided into two segments. 
(2) The even-paraffin {3~c{3o transition line has here 
been proposed. (3) A metastable aH-l meltin~ line 
for the even paraffins C20 and below has been omItted. 

Since it is known from X-ray data (fig. 3) that the 
even paraffins above C26 are in a different {3 form 
from those below C26 , it seems reasonable to expect 
a break in the {3-aH transition line. This break seems 
to be consistent with (though not necessitated by) 
the transition point data in figme 1. The .qz6 tr~n­
sition temperatme falls on the {3~caH transItIOn hne 
and hence indicates that the stable form of C26 is 13M 
ra ther than {3T' 

The proposed even-paraffin {3M-{30 transition line 
is actually supported by :very little experim~~tal 
evidence. Pure C36 exhibIts a double tranSItIOn 
[21- 23] which has not been explained. In figme Ib 
this double transition is interpreted as a {3M-{30 and a 
{3o- aH transition, where the {3o-aH transitio~ !alls on 
the corresponding {3o-aH odd-paraff1l1 transItIOn Ime 
as one would expect from considerations of section 
3.2 . The {3M-(30 transition line of figure Ib fmther 
indicates that a double transition should occm in all 
even paraffins from C3'1 to C44 and that longer even 
paraffins should be subject to a single (3M-{30 transition. 
The fact that the {3M-{30 transition , if real , is so seldom 
observed is probably due to the known stabilizing 
influence which even small quantities of impmities 
impose on the {3o phase of the longer paraffins and 
also to the kinetic difficulties "vhich would seem to be 
associated with the mutual tilting of a large number 
of lon g, densely packed chains. Also , since the CH2 

packing is much the same, at long chain lengths the 
difference in free energy between the {3o and (3M 
phases should become quite small , and hence the 
two phases would become thermodynamically indis­
tinguishable. Even if the (3M-(30 transition line inter­
sects the {3o-l cmve at some longer ehain length the 
change in the melting cmve would probably be 
insignifican t. 

Vand, who first studied the stable room temper­
ature {3o form of C36 [5], later found that a more pme, 

more carefully prepared sample of C36 was actually 
(3M at room temperature [7]. Recent N.M.R. results 
[23] on several paraffins (A.p.r saIlJ;ples) show.very 
clearly that the absorption hne wIdths assoClated 
with the tlU'ee solid phases of C36 correspond closely 
with the line widths of the Imown aH, {3o, and (3M phases 
of shorter homologues, and also that the (30-;,{3M 
transition is quite sluggish and tends to occm at 
considerably lower temperatmes than the reverse 
(3M-;,{3o, transition. Direct X-ray verifica~ion o~ the 
oceurence of the (3M, {3o, and ali phases m a smgle 
sample dming warming to the melting point has 
been reported [51]. In a recent . X-ray s~~dy ?f C36 

powder [24] an irregularly occmrmg transltion. m the 
cell dimensions was reported at -40°C. It IS con­
sistent with the above ideas to interpret this apparent 
anomaly as an impmity-retarded (30~{3M transition .. 

It is interesting that the vanous long-cha~n 
crystal forms persist down to rather short cham 
lengths and the melting points decrease rather 
smoothly even down to C2 • The odd pa~'a£?~s 
become monotropic at and below Cg, WIth a tnchmc 
structme which is not the same as that of the even 
paraffins. It must be emphasized ~hat a .line 
representing the temperatures at whlC~ a .glven 
phase melts should not be a smooth cont~nuatIOn. of 
the transition line of that phase, nor IS the hne 
representing the freez~g o~ one ph~s~ a smooth 
continuation of the freezmg Ime for a dIfferent phase. 

In order to obtain best values of the mel ting points 
for paraffins above C44 , we used the equation 
T1I{= To (n+a)/(n+ b). Variations of this equation 
have been extensively employed [15, 17, 18, 24] to 
describe the melting points, T 11{, of the n-paraffi~s 
as a function of the number, n, of carbon atoms III 

the chain. To, a, and b are constants where To is the 
convergence temperature, i .e., the melting tempe~'a­
ture of a very large crystal of 10ng-CH 2-chams 
containing only the equilibrium number of defects. 
The equation was fitted by least squares t~ the 
melting points for the 14 paraffins C44 and hIgher 
for which data were found in this study. The result 
of this calculation is TM (OK) = 414.3 (n- 1.5)! 
(n+5 .0). The standard deviation of T1I{ is 0.3 oK. 
Assuming no variation in b, the standard error of 
To for these data is calculated directly to be 0.4 oK. 
The possible variation in b "yas assume~ to ~e ± 2.0 
which leads to a correspondmg uncertamty In To of 
± 1.2 oK. Combining the uncertainty in To due to 
the uncertainty in b with three times the standard 
error in To at constant b, one arrives at a total 
uncertainty in To of ± 2.4 oK. It should be remem­
bered that the above relationship applies only to the 
meltina temperatures of the longer n-paraffins (C44 

and above), which melt from an orthorhombic 
subcell structure. 

3.4. Heats of Fusion and Transition 

Premelting, changes in melting temperatures due 
to impurities, and overlapping of melting and transi­
tion regions are among the factors which in troduce a 
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great deal of scatter and uncertainty into , data on 
heats of transition and fusion. Garner [15] has pro­
po ed that the heat of fl~sio~, t.Hf! are lineal' w~th 
chaifollength, ?ut the data ill flgm:e 2 hows a der~lte 
nonlmeanty w the heats of iu IOn and transItIOn. 
Billmeyer has made a more exten ive study of 
n-paraffin heats?f fusion, [26] an~ also c?ncluded that 
the heats of fusIOn are hnear wIth chaw length and 
that the slopes of these functions are the arne ~or 
fusion of all the f3 forms. Although the heats of a 
particular phase change should.lie OJ?- a mooth ?lU've, 
there is no reason to expect Imeanty except m the 
limit of very long chain-lengths where T M becomes 
constant. The aCClU'ate heats of fusion of the shorter 
paraffins show a very definite upward curvature, but 
even with the large amount of data gathered here, 
irregularities prevent the determination of an accu­
rate general relationship bet~ve~n chain l~ngth and 
heat of phase change, and It IS even difficult to 
determine what type of smooth curves would be the 
most accurate,2 H ence "best" values could not be 
obtained with enough confidence to merit inclusion 
in table 3. 

Included in figure 2 are ealculated, approximate 
values of the heats of metastable transitions (i,e., 
the enthalpy differences between two phases at the 
temperatures where the free energies of these phascs 
are equal) , Though not directly measurable, th.ese 
data are important in a stu~:f of pbase bebavlO,r, 
As an example, the f3o-l transltlOn, does not occur 1~ 
the paraffins below C40 because 01 the OCCUlTence of 
the a phase, and heat of fusion dat~ ~re rare [or 
paraffins above C40, One way to gam m~ormatlOn 
about the heat of tbe f3o-l phase change IS to add 
together the heat of transition f39-a ~nd heat or 
fusion a-l. A more accurate approxnnatlOn could be 
made from enthalpy-temperature curv~s of th~ tran­
sition region but these are not readIly obta1l1able. 
Comparisons made in tbis work using accurate 
enthalpy-temperature curve~ [44] show. ~hat .the 
method of adding heats of fUSlOn and transltlOn g1ves 
values which are about 4 percent lower than tho e 
obtained from enthalpy CLlI'ves. In either case, it is 
not po sible to tell exactly at what temperature the 
free energies are equal unless the transition between 
these two phases actually occurs, The disc?ntinu~ty 
in the f3o-l eurve of figure 2 can be reconClled wIth 
the ideas of this paper only by assuming that th e 
anomaly is the result of impurities in the longer 
paraffins. 

3,5. Impurity Effects 

Impurity effects have been the major cau se ?f 
confusion in t be study of n-paraffins, In cbfll n 
compounds, tbe usual impurities are other cbai l~ 
compounds of similar length since, othOl: types, 01 
impurities are easily removed, Vanous bmary mIX­
tures of paraffins have been studied [27- 30] in order 
to determine the effects of pa,raffin impurities on 

2 In a recent st udy of the extrapolation of thc n-parafHn melting beha vior to 
higher temperatures [501, it was shown tha tIn the Simplest case, theentha lples 
of phase change would not in general be hncal' . Hence the SigmOidal cur ves 
shown in Ogure 2 q uite pro babl y represent real e tTccts, 

paraffins and it is not unrea onab1e to suppose that 
the observed effects would apply qualitatively to 
other long chain impuritie such as olefins. Rather 
complex binary phase diagrams have been COD­

structed [29, 53] to explain binary behavior but 
several general conclusions can be made. 

a. Solid Solutions 

If the impurity and major component are is?~ 
morphic and of not too different length, ~hen ,0hcL 
solutions are formed and the ph::tse behaViOr of the 
major component is not drastically altered. An 
excellent example is a binary mixture of C35 and C36 
[29] which shows melting (aH-l) and transition 
(f3o-aH) temperatures increasing linearly from those 
of pure C35 to those of pure C36 as the 'percen~age of 
C36 is increased.3 It thus may be ImpossIble to 
detect certain impurities- even in large amounts­
by thermal analysis. 

b. Eutectic Mixtures 

If the impurity is not isomorphic with the major 
component or is of sufficiently different leng~h 
(especially critical at shor t chain lengths) t hen sO~ld 
solutions are less liJ.;:cly to for111 and phase behaVlor 
is more dntstically altered, If for instance a small 
amount o[ Clg is added Lo C20 [29] then the C20 

freezes into an orthorhombic form (l-f3o)4 rather 
than t he normal triclinic form (l-f3T) and then 
unclero'oes a transi tion in to th e triclillic forn1. ({30-f3T) ' 
:Meta~table meILing point s obtained by extrapolatin g 
the impmity-induced f30 melting tc mp~J'aLul'eS to 
zero percent impmiLy should n?L be ,lJ1teJ'pretecl 
as awl melting points and cOl~1bl,ned WIth t,he odd 
paraffin aH-l melting line. ThIS mterpretatlOn has 
been criticized [30] on the grounds, that th e 
impurity induced phase in Cw, CIS, and C~o 1S aCLually 
f30 rather than aH [29, 30, 32] ::tnd hence the metast­
able melting points in question should be unrelated 
to the aH-l melting points. 

c, Phase Stabilization 

A general effect of impurities is to stabilize ~he 
vertical aH or f30 structures, pl'es~mably.by l'm:novmg 
rotational constraints and by mterferl?g w1th, the 
orderly end group packing necessary m the ~ilted 
f3T and f3M structures . It has already been mentlOned 
that impure C20 (and also th~ shorter even paraffi~s) 
exhibits a stable {3o phase Just below ~he I:neltmg 
point and a {30-f3T transition. Hence, m thIS c~e, 
the impurities have caused the occurrence of a so11d­
solid transition. This same effect may well be 
responsible for eliminating the solid f30-~M tran­
sitions in the longer p::traffins,5 and elanfies the 

3 This example also illustrates complete absence of cven·odd difIerences as 
discusscd in secLion 3,2, h 

• A, E. Smith [32] has found that these impure fJo forms arc n,?t exactly t e 
same as the pure paraffin {30 form s because o,r ~hat,n «:ncllrrcgulantlCs, , 

, All exa mple is thc lack of a clouble transltlOll 10 Impure Cao [7, 19] dIscussed 
ea rlier in section 3,3. 
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apparently ambiguous proposal that even though 
the 130 structure is usually the observed structure 
in the very long even paraffins, the 13M structure may 
actually have a lower free energy and hence represent 
the stable, long even-paraffin structure. Even w~en 
impurities do not prevent a transition from occurrmg 
they usually greatly lower t~e transitiOl~ temperature 
and cause increased separatlOn of meltmg and tran­
sition temperatures. Because of this, transition 
temperatures are frequently a much more sensitive 
impurity indicator than are the melting temperatures 
which may be raised, lowered, or left unchanged by 
impurities. The present study has shown that 
samples of questionable purity usually show high 
melting and low transition temperatures . 

Second order " A" transitions which have received 
some attention in the literature [9] appear to be 
another example of an impurity-induced anomaly. 
Although these anomalies do exist in impure paraffins, 
there is no evidence that any pure paraffin exhibits 
such a transition. Other transitions (e.g., ortho­
rhombic- orthorhombic in On and monoclinic-tri­
clinic in 0 24 ) have been reported [38], which are not 
in accord with the phase scheme of this paper, and 
alt.hough it is assumed here that impurity effects are 
responsible, the necessity of further experimen tal work 
is evident. Similarly there is a great need for further 
work on the very long n-paraffins to study recently 
evidenced [54] structural variations in the monoclinic 
phase. 

d . X-ray Long Spacings 

Low-angle spacings, which are frequently relied 
upon to furnish information as to phase and chain 
length, are in general increased by impurities, 
even when the impurity is a shorter homologue [~8]. 
Part of this effect can be attributed to a broademng 
of the diffraction intensity curves and a r esulting 
apparent shif t of the maxima to smaller angles. 
Piper [28] found that inhomogeneous mixtures of 
paraffins frequently give long spacings which are 
indistinguishable from those of pure compounds 
and that long spacings alone are a poor means oJ 
identifying paraffins. However, with reasonably 
pure samples of known chain length, small-angle 
spacings offer a convenient way to identify phase, 
and a spacing greater than expected from fi gure 3 
would indicate uneven-chain-end planes and hence 
probably impurities. 

e. Heals of Transition and Melting 

The ways in which impurities affect the heats of" 
melting or transition are not completely understood. 
If the temperature of a given transition is lowered 
by impurities then the observed heat of transition 
would probably be low since the enthalpy difference 
between two phases usually decreases with decreas­
ing temperature. The observed heat of phase 
change would also be lowered by impurity-induced 
premelting effects where part of the enthalpy change 
occurs during premelting. In general, it would seem 
most accurate to assume that the heats of fusion 
collected in this paper tend to be too low, especially 

with the probably less pure longer paraffins. These 
effects account for at least some of the irregularities 
evident in figure 2. 

f. Pressure Effects 

Finally mention should be made of the effects of 
pressure ~n the phase behavior of the n-paraffins. 
Nelson, Webb, and Dixon [33] have made high-pres­
sure phase studies on several n-paraffins from 0 9 to 
0 24 • Both even and odd paraffins show the expected 
increase in melting and transition temperatures 
and a gradual convergence of the melting and transi­
tion temperatures as the pressure increases. It ~as 
also found that increased pressure tends to stabIlIze 
the f3T form more than the 130 form . These effects 
are opposite to the effects of increased impurity con­
centration. Since high pressure compresses the 
la ttice it is consistent (crudely) to group impurity 
effects' as " loosened lattice" effects". 

The author is grateful for many helpful discussions 
with John D. Hoffman . 
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