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Models for Estimation of Pure n-Alkanes’ Thermodynamic
Properties as a Function of Carbon Chain Length
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Simple predictive relationships for the estimation of pure normal alkanes’ thermodynamic properties,
like transition temperatures, phase change enthalpies, and heat capacities in the solid or liquid state,
are established as a function of carbon atom number n., by combining our own calorimetric experimental
results and a general review of literature data. This study underlines that total and melting enthalpies
vary linearly with n; carbon atom number, whatever the parity of n,, while order—disorder transition
enthalpies show a quadratic variation and an alternating effect between odd- and even-numbered
n-alkanes. Heat capacity variations versus temperature and the carbon chain length were represented
by a model of group contributions for the liquid phase and by an expression derived from Einstein’s model

for the solid state.

Introduction

The crystallization of heavy hydrocarbons in the fluids
of paraffinic crude and middle distillate fuels has been
shown to be at the origin of real problems for refiners and
diesel-fuel consumers in very cold regions. The accumula-
tion of these solid deposits, which clog up filters and
obstruct pipelines during production or transport, could
lead to the damage of industrial equipment and diesel
motors. To solve these problems, it is essential to develop
a thermodynamic model which is able to predict the
conditions of paraffin deposit crystallization for a given
fluid composition and for a given temperature. Determining
the solid deposit curves requires the knowledge of all
thermodynamic data of pure compounds occurring in the
solid/liquid equilibrium. To facilitate collecting these ther-
modynamic properties, to remedy to the lack of literature
data, and to simplify the thermodynamic model use,
predictive relations between n-alkanes phase change prop-
erties and carbon chain length would be very useful tools.
So, the aim of this paper is to establish these relations by
combining a great number of literature and experimental
results, obtained in a large chain length range (4 < n. <
390).

n-Alkanes’ Structural Behavior

Despite a rather simple molecular structure, n-alkanes
(hereafter denoted by C,, with n the carbon atom number
of the chain) reveal a very significant polymorphism and
many allotropic transformations, the structure of the phase
being governed by three parameters: the temperature, the
parity, and the carbon atom number of the chain.

Cn’s Crystalline Ordered Structures of Low Tem-
peratures. The crystallographic structures of low temper-
ature ordered phases of C,'s have been specified by Craig
et al. and by Chevallier et al.2 Craig et al.l have deter-
mined the unit-cell crystallographic parameters and space
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Table 1. Odd-Numbered C;p+1's Structures as a Function
of Chain Length n¢

coordination

n¢ range structure space group number Z
5<n.<7 triclinic P1 2
9<n.=<69 orthorhombic Pbcm 4

Table 2. Even-Numbered Czp’s Structures as a Function
of Chain Length n¢

coordination

nc range structure space group number Z
6 <n.<26 triclinic P1 1
28 <n. <36 monoclinic P2i/a 2
38=<n.<44 orthorhombic Pbca 4
46 < n. <100 orthorhombic Pca2; 4

groups of the homologous series C13—Cgo by high-resolution
synchrotron X-ray powder diffraction, and Chevallier et
al., the correlations between the crystalline long c-param-
eter of the unit-cell, directed along the C, carbon chains,
and the n. carbon atom number. Tables 1 and 2 summarize
all crystalline structures observed before any solid—solid
transition respectively for odd- and even-numbered C,’s,
as a function of chain length.

Cy’s Structural Behavior versus Temperature.
Mdullerd was the first to reveal the existence of solid—solid
transitions by X-ray diffraction, when the temperature
increases, with the appearance of disordered rotator phases
below the melting points of C,’s. From the literature data,
Dirand et al.* classified these polymorphic transitions
according to the behavior described in Schemes 1 and 2
for even- and odd-numbered C.'s, with respect to the
increasing temperature.

For the pure C,'s, it is possible to distinguish three
categories of polymorphous phases (Schemes 1 and 2): (i)
the ordered phases of low temperatures, which are the
phases stable before the order—order transition toward the
ordered phases of high temperatures, (ii) the ordered phases
of high temperatures, also called crystal phases, observed
below the order—disorder transition, and (iii) the disordered
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Scheme 1. Even-numbered C,,’'s Phase Succession When the Temperature Increases

Even-numbered Cyp’s

Low temperatures High temperatures High temperatures

ordered phases ordered phases disordered phases
6-20 Yo (P1) -2 liquid
22-26 Yo (P1) - o-RII(R3m) - liquid
28-30  34(P2/a) - y-RIII > S&RIV > liquid
3236 Su(P2//a) - y-RII 3 liquid
38-44  Bo(Pbea) -2 y-RIII - liquid
48,60 Bo(Pca2)) > C(A2) > liquid

Too Toa Toa Thus

Scheme 2. Odd-Numbered C,,.1’s Phase Succession When the Temperature Increases
Odd-numbered Cap+1’s

High temperatures
ordered phases

Low temperatures
ordered phases

High temperatures
disordered phases

11-21 Bo(Pbem)

g
23 Bo(Pbem)  B'o(Pbnm)

3 Y
25 Bo(Pbcm) = B'o(Pbnm)—> B(Aa)

& Y
2729 Bo(Pbem) > B'«(Pbnm)~> B(Aa)

Y B
“B(Aa) > C(A2)

-2 B(Fmmm) = B-RI(Fmmm)

> liquid

=» B(Fmmm)=> B-RI(Fmmm)3> a-RII(R3 m)‘} liquid
 BEmmm)=> B-RIFmmm o-RIR 3 my> liquid

31-43 Bo(Pbem)
Y B
45 Bo(Pbem) —>B(Aa) > C(A2)
B
61,65,69 Bo(Pbcm) - C(A2)
TO'O
- : first-order transitions

= : second- or higher-order transitions

phases of high temperatures, also named rotator or plastic
phases. The order—disorder solid—solid transition (here-
after denoted o—d transition) is defined by the higher
thermal effect observed at the solid state below the melting
point. All these o—d transitions are characterized by
important modifications of the molecule orientation around
the crystalline c-axis (hindered or free rotation), accompa-
nied by the creation of many conformational defects in the
molecular chains. We notice that the o—d transition dis-
appears from Cys.

Other solid—solid transitions, associated with lower
thermal effects, appear, especially for the odd-numbered
C2p+1'S:

(i) Order—order transitions below the o—d transition: the
transitions o, 5, and y (cf. C, structural behavior versus
temperature in Scheme 2) lead to high temperature ordered
phases whose crystalline structures display differences in
the stacking modes of molecule layers along the crystalline
c-axis and in the concentration of molecule conformational
defects per molecule; but any significant modification of
the molecule orientation around the c-axis is not observed
in these ordered phases, contrary to the case for rotator
phases.

(ii) Disorder—disorder transitions above the o—d transi-
tion: the molecules undergo movements of oscillation
around the c-axis, whose amplitude progressively increases
as a function of the temperature and which generate
changes in the stacking sequence of the crystalline planes

7RI 58RIV - liquid
Sy-RII - liquid
%liquid
~Sliquid
Toq Toq Thus
To : order/order transition temperature
To-4 : order/disorder transition temperature
T4.4 : disorder/disorder transition temperature
Ths : melting temperature

along the c-axis for the 5-Rl/o-RI11 transition or in the angle
of the molecules’ inclination for the y-RI111/6-RIV transition.

Temperatures of Solid—Solid Transitions and
Fusion

Literature Results. The general review of pure Cy's
literature thermodynamic properties has been the topic of
a paper by Dirand et al.*% in which all transition temper-
ature data have been collected and averaged from about
60 papers, in a large chain length range going from
methane up to Cszg. The variations of these average
temperatures of solid—solid transitions and fusion are
reported in Figure 1, as a function of carbon atom number,
for the pure Cy's with 8 < n. < 45, and the melting
temperature variations are reported in Figure 2 for 4 < n,
< 390.

Melting temperature variation as a function of chain
length is reported in Figure 2 for C,'s going from methane
to Csg0. The melting temperature variation is asymptotic
and tends toward a limit temperature To. This asymptotic
value Ty is compared with that of the melting temperature
of polyethylene to infinite molecular weight, that is as-
sessed between (407.15 and 411.65) K.87

Many analytical expressions are available in the litera-
ture to represent melting temperature variations with
respect to the carbon atom number n..8-15 However, in this
study, Broadhurst's model*! provides the best agreement
between literature and calculated melting temperatures (cf.
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Figure 1. Evolution of solid/solid and solid/liquid transition temperatures*® of pure Cy's versus the carbon atom number n; (8 < n; <

45).
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Figure 2. Melting points of pure C,’s: comparison between the mean values of the literature data*° and the calculated values of the

Broadhurst model.

Figure 2) for all the C,’s chain length ranges going from
methane up to Czgo. Broadhurst proposed the following
expression for the orthorhombic C,'s melting points Ty,
as a function of the n. carbon atom number per molecule:

T. IK=T n°_+a 1)
fus’ 0nc +b

with To/K = limp—. Trus(Nc)/K the asymptotic value when
n. tends toward infinity.

The fitting of this expression, carried out on the mean
data of 67 melting points collected from literature, gives

the following values of constants:
T/K = lim T, (n.)/K=413.2, a= —0.725,
ng—o
and b =5.754

New Experimental Results. Although numerous val-
ues for temperatures and enthalpies of solid—solid and
solid—liquid transitions of pure C,’s are available in the
literature, this general review reveals many gaps:

(i) Only some authors!®6-19 have carried out measure-
ments of the variations of thermodynamic properties (heat
capacities, enthalpies) of light Cy’s (n. < 27) versus tem-
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Figure 3. Enthalpy increment curve for the odd-numbered Cag

from ordered phases of low temperatures up to the liquid phase

above the melting point2° with AgH = AHo—q + /1" Cpwry dT +

A2 H

fus® ™+

perature, from the ordered solid phases of low tempera-
tures up to the liquid phase above the melting point, and
these data are even scarcer for the heavy Cy's (n. = 27).

(ii) The plurality of the experimental techniques encoun-
tered in the literature, combined with thermodynamic data
scarcity for heavy C's, is responsible for the scattering of
some experimental results (especially for heavy C,’s).

So, to remedy to these problems and to have a coherent
and reliable set of data, new measurements of the varia-
tions of the thermodynamic properties, versus carbon atom
number and temperature, have been carried out by dif-
ferential scanning calorimetry for a large Cy’s chain length
range including C,, from Cjg to C3g and heavy Cy: Cy;, Cys,
Cus, Cs0, Cs4, Cgo. These measurements were deduced from
differential thermal analyses, performed with a calorimeter
of the Tian-Calvet type, using a discontinuous mode of
temperature programming with a 1 K temperature jump.
The calorimeter device, the operating conditions, and all
experimental results (Cn's enthalpy and heat capacity
increments from the temperature of ordered phases of low
temperatures to the liquid phase above the melting point,
temperatures and enthalpies of phase changes) were
described in a previous paper,? the aim of this study being
mainly focused on the establishment of predictive equa-
tions, as a function of n, carbon atom number, by combina-
tion of the averaged literature data*® and our own experi-
mental values.?®

Our experimental variations? of transition temperatures
with respect to carbon atom number n. are very similar to
those reported in Figures 1 and 2. The fitting of our
experimental melting temperature variations by Broad-
hurst's model gives values for the three parameters Ty, a,
and b very close to those previously determined with the
literature result set:*°

TJ/K = lim T, (n)/K=412.3, a= —0.624,
ng—o
and b =5.880 (2)

with Tre/K = 412.3[(n — 0.624)/(n. + 5.880)].

Enthalpy Variations of Phase Transitions

Generalities. Figures 3—5 show our experimental molar
enthalpy increment curves, as a function of the increasing
temperature, obtained, respectively, for an odd-numbered
Ch (Cy) and for a low and a high molecular weight even-
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Figure 4. Enthalpy increment curve for the even-numbered Cays
from ordered phases of low temperatures up to the liquid phase
above the melting point?® with A]H = AHo—q + /7" Cpry dT +
AL H.
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Figure 5. Enthalpy increment curve for the even-numbered Cge
and for all Cy's with n. > 45 from ordered phases of low
temperatures up to the liquid phase above the melting point2 with
AGH = AHo-o + [7" CEFU®" dT + A H.

numbered C,, (Cz and Cye) (all the C,'s enthalpy variation
tables being provided in a previous paper?°). In each figure,
we have specified, for each transformation, the structural
change involved and the temperature limits of transition
enthalpy integration. The different transition enthalpies
studied involve the following phase changes:

(i) Rotator Phase — Liquid Phase: AEUSH. This enthalpy
variation corresponds to the melting of a disordered rotator
phase.

(ii) Ordered Phase — Liquid Phase: Af,H. This transi-
tion enthalpy is encountered for the even-numbered Cyy's
with 2p < 20 and the odd-numbered Cyp+1's with 2p + | <
7 and for all C,, with n, > 45, whatever the parity of n..
For these C,, which melt without undergoing any solid—
solid transition, the ordered phases of low temperatures
are stable up to the melting point.

(iii) Ordered Phase — Disordered Phase: AH,—_q

(iv) Ordered Phase — Liquid Phase: A!H (total en-
thalpy). For this enthalpy variation ALH, three carbon
atom number ranges must be distinguished: (1) For
Ne(Czp+1) = 7 and n¢(Cyp) < 20, the lack of polymorphism
gives the following equality:

Iy
AH= A?USH
(2) For 9 =< ng(Cppt1) < 43 and 22 < n¢(Cyp+1) < 44, the

enthalpy variation between the ordered phase, which is in
equilibrium at the o—d transition temperature, and the
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Figure 6. Cy's phase change enthalpies versus carbon atom
number n¢: comparison between the mean values of the literature
data*® (¢, O, O) and our experimental values? (¢, N, ®).

liquid phase at the melting point is associated with the sum

] Trus
AJH = AH,_ d+ff Cory AT + AfH +

T, Trus
( f - “cp(Rl) dT + AHy 4+ fr didcp(Rz) dT) (3)

(cf Figures 3 and 4), with fo“S Cory dT, fT ¢ Cpry dT, and
fo“S Cor, dT being the enthalpy consumptlons in the
temperature domains of rotator phases and Cpry and Cyr,),
the heat capacities of the disordered rotator phases, dif-
fering by their structure.

(3) For n¢(Cop+1) = 45 and n¢(Cyp) = 46,

AgH = AH,_, + [Tt CHMer dT + AP H (cf. Figure 2)

with [t CS'”“’” dT being the enthalpy consumption in-
duced by the increase of the conformational defect concen-
tration in carbon chains, in the course of heating, and
AH,_, being the enthalpy variation corresponding to the
order—order transition occurring for heavy C,, which leads
to the appearance of the monoclinic high temperature
ordered phase C(A2). The conformational defect develop-
ment along carbon chains is highlighted by the curvature,
depicted in Figure 5, taken by the heat capacity variations
in the ordered phases, in the course of heating. This
structural defect concentration increases with the temper-
ature and, at a constant temperature value, with the
carbon chain length. The enthalpy consumption associated
with defect appearance and the order—order transition
enthalpy often appear in the same temperature range, and
because it is very difficult to separate them successfully,
the total enthalpy includes these two enthalpies. Indeed,
melting involves an ordered phase which reveals a degree
of internal disorder along carbon chains.

Note: The enthalpies of the order—order transition AH,—,
and the disorder—disorder transition AH4-4, which were
associated with lower thermal effects, will not be treated
in this study.

Phase change enthalpy variations, as a function of
carbon atom number, were reported in Figure 6, for the
two available sets of data: our experimental measure-
ments,?° carried out by differential scanning calorimetry
for 27 pure C,’'s, whose carbon atom numbers are in the
Cig to Cg range, and the literature review mean values,*®
in the C4 to Cgo range.

We notice a very strong agreement between our experi-
mental enthalpies and the literature transition enthalpies,
whatever the carbon atom number, so, we can use these
two sets of enthalpy data to optimize the following ther-
modynamic properties.

Total Enthalpy A!H. The values of the A!H enthalpy
increase linearly with respect to the n. carbon atom
number, in a manner independent of the n. parity. The
linear equation, as suggested by many authors,81213.21-23
is established by least-squares fitting of the variations of
the total molar enthalpy values

ALH/J-mol ™t = 4099n, — 10977 (4 < n, < 60) (5)

The total massic enthalpies were scattered around the
following mean value:

AHIJ-.gP=269+8 (18 <n,— < 60) (6)

We notice that our experimental results® are slightly
higher than those of the literature*® (cf. Figure 6) because
of the calorimetric device used: the literature data are
obtained by differential thermal analyses, using a continu-
ous mode of temperature programming, and in this last
case, it is more difficult to determine with accuracy the
baseline of the calorimetric signal in the course of the
solid—solid or solid—liquid transitions.

For all C's going from C, to Ceo, the total enthalpy AlH
values line up, so we can conclude that the dis-
order mechanisms involved in the o—d transitions are
very similar to those occurring during the gradual increas-
ing of heat capacity in the course of heating for heavy
Cy's:

(i) For moderate chain length Cy's (9 < n¢(Copt1) < 43
and 22 < n¢(Cyp) < 44), molecular movement amplification
during heating is responsible for the o—d transitions and
the occurring of disordered rotator phases, these phases
being associated with intermolecular disorder in end meth-
yl group planes perpendicular to carbon chains.

(ii) For heavy Cy's (n. = 45), which do not undergo any
solid—solid transition, the internal disorder grows along
carbon chains with a gradual increase of the conformational
defect concentration in the course of heating, melting being
the answer of the system when the layer stacking becomes
unstable.

Note: The (AHo—q + A?USH) sum often appears in the
literature.1923-27 However, this sum does not have any
physical meaning because the enthalpy variation fo“: Cor)
dT in the temperature range of disordered phases between
To—q and Tys is not taken into account; nevertheless, that
variation is important, especially for the odd-numbered
Cop+1's whose p(Fmmm) disordered phase undergoes
the rotator-RI second- or higher-order transition with
enthalpy consumption and the disorder—disorder transi-
tion S-RI(Fmmm) — o-RI1(R3m) (cf. Scheme 2). Thus, the
study of ALH enthalpy variations is of major interest
and most useful for modeling thermodynamic behavior of
Cyh's.

Melting Enthalpy AssH. Melting enthalpy variations
with respect to carbon atom number n. (cf. Figure 6) reveal
two behaviors according to the chain length range and to
the phase change involved in the fusion. Applying the least-
squares fitting gives the following linear equations:

(1) for 9 = n(Cyp14) = 35 and 22 =< n(Cy,) = 36:

AY H/J-mol™ = 2570n, — 5960 )
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(ii) for n(Cyy. 1) = 45 and ny(C,,) = 46:

¢ H/J-mol™ = 3135n, — 11008 (8)

The melting enthalpy values increase linearly with n,
whatever the n. parity. The gap between these two straight
lines of Al H and A}, H variations would be equivalent to
the o—d transition enthalpy if this latter existed for heavy
Ch's (nc = 45).

o—d Transition Enthalpy AH,_4. The 0—d transition
enthalpies AH,_g4, related to the transformation of ordered
crystalline phases to disordered rotator phases, show an
alternation between even- and odd-numbered C,'s. The
explanation of that alternation effect lies in a different
polymorphism, as a function of temperature, according to
n. parity. In fact, two carbon atom number ranges must
be considered:

(i) For 22 < n; < 26: the odd-numbered C,’s are in the
orthorhombic B-RI(Fmmm) structure while the even-
numbered C,’s are in the hexagonal o-R11(R3m) disordered
structure just after the o-d transition (cf. Scheme 2). So,
this is the sum (ﬂ‘“’ Cpr) dT 4+ AHg_q), which is not taken
into account for Czp+1 s, that generates this alternation.

(i) For 27 < n. < 44: all C.’s are in the triclinic rotator
y-RIIl phase just after the o—d transition, whatever the
parity of n.. The alternation effect is thus induced by the
order—order transitions undergone by odd-numbered Cy1's,
which consume a part of the o—d transition enthalpy by
introducing conformational defects.

According to Rajabalee,?82° a quadratic expression gives
good results for o—d transition enthalpy restitution, after
distinction between odd- and even-numbered C,'s:

(i) for 22 = n(C,,) = 36:

AH, (C,p)/3-mol ™ = 45.39n,? — 1170.20n, + 33674(8)

(i) for 9 = ny(Cypyyq) = 35

AH, 4(Cppi 1)/ d-mol ™ = 31.68n.° + 166.25n, + 429(08)

It can be seen that these two curves concur progressively
as the carbon atom number increases, with the alternation
effect with n. parity diminishing gradually.

Heat Capacity

Ordered Solid Phase. In ordered solid phases, an
expression derived from Einstein’s model successfully gives
experimental heat capacity variations as a function of
temperature.®°=33 In this representation, a C, molecule
behaves like a monatomic solid of N atoms having 3N
independent vibrations (N being thus the number of
oscillators per C, molecule) which are harmonic and have
the same frequency. This frequency corresponds to a typical
temperature 6, called Einstein’s temperature.

The enthalpy and heat capacity variations can be
described by the following expressions:

__ 3NRé
H(M = exp(0/T) — 1 (11)
and
N _ gNR[OP _expOT)
G(M~CAM = NR( ) (exp(0/T) — 1) (12)

Nevertheless, these two expressions take into account
only the contribution of the group vibrations, and to have
a full characterization of C,’s molecular movements, it is
also necessary to represent the contribution of the skeletal
vibrations (stretching, bending, wagging, twisting, rocking)
to thermal energy. By hypothesis, we propose to use, for
this skeletal vibration contribution, a quadratic expression
that is a function of temperature and carbon chain length.
This equation is obtained, from Benson’'s method of group
contribution,® by the following steps:

Copizn(T) = 2C5™(T) + (n, — 2)C5™(T)
Coar®(T) = 2(A°™ST + BET?) + (n, — 2)(A™T +
BCHZTZ)

Chiof™*(T) = c(N) T + d(n) T (13)
Thus, the expression of the heat capacity variations
becomes

+cT+dT? (14)

cm=3 R(Q)z exp(o/T)

(exp(0/T) — 1)°

The parameters N, 0, ¢, and d are optimized for each C,
by fitting this equation to the experimental enthalpy
variations, between 0 K and the first transition tempera-
ture, measured by Messerly® and Finke!” for C,'s going
from Cs to Cig, by Van Miltenburg!® for C;9 and Cy, and
by Andon?® for Cy. It should be noted that we cannot use
our experimental measurements?® because the lowest tem-
perature reached by our calorimetric device is 283.15 K.
The fitted expressions for each parameter, as a function of
N, are indicated in Table 3. We observe in Figures 7 and
8, showing the molar heat capacity and enthalpy variations
versus temperature in the ordered solid phases, a very
strong agreement between the values calculated by the
expression derived from Einstein’s model and the experi-
mental results collected in the literature.16-1° This agree-
ment is valid in all the chain length ranges studied (5 <
n. < 26) and in almost all the temperature ranges where
the solid phase exists. However, the model is no longer
applicable for very high temperatures in view of the
significant deviation between the experimental and calcu-
lated results, and this deviation increases with the increase
of the temperature and the C,’s molecular weight. This gap
is directly generated by the conformational defect appear-
ance in carbon chains in the course of heating. Indeed,
several authors”:31734 noticed an abnormal consumption
of the Cy’s heat capacity in the low temperature ordered
solid phases with the approach of the solid—solid transition
or melting temperature. This internal disorder develop-
ment is not taken into account by the model which
inevitably underestimates the experimental data for the
high temperatures. Since the defect concentration increases
with n¢, the model deviation is greater for heavy Cy's (cf.
Figures 7 and 8). To sum up, this expression derived from
Einstein’s model gives very good results for the prediction
of C,’s enthalpy and heat capacity variations, in temper-
ature ranges far enough away from the phase transitions.

Liquid Phase. In the liquid phase, all the authors are
unanimous in using Benson's method of group contribution
for estimating the C,’s thermodynamic properties. Indeed,
Benson® established a relatively simple, effective, and
universal method, which allows us to predict the molar heat
capacities of many organic products in the gaseous phase
at 298.15 K, by decomposing the molecular structure into
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Figure 7. Cy's molar heat capacity variations in the ordered phases, versus temperature and carbon atom number n.: comparison between
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Figure 8. Cy's molar enthalpy variations in the ordered phases, versus temperature and carbon atom number n¢: comparison between
the literature datal®~1° (¢, B, ®) and those calculated by the equation derived from Einstein’s model (—).

Table 3. Expressions of Parameters of Eq 14 as a Function of n.

parameter expression R2 nc range

(ne)/K 194.234[(—3.904 x 1073 + ny)/(2.772 + ng)] 0.997 5<n.<26

N (n¢) 0.306n; — 0.036 0.999 5<n.=<26

c(ne)/K—2 0.034n. + 0.182 0.984 5<ne<26

d(ng)/K3 (—5.674 + 36.653/n. + 0.589n¢) x 1074 0.980 5<n.<26
characteristic functional groups, whose thermodynamic groups to be considered are the (n, —2) groups CH, and
properties are tabulated. The classification of these differ- the 2 end methyl groups CHjs. The work recently carried
ent functional groups is made according to their close out on the heat capacities of pure Cys in the liquid
environment and to the nature of their bonds. By applying phase3136 suggested that a linear fit can be used, according

this molecular decomposition to the C,’s molecules, the to the temperature, for the contributions of the groups CH,
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Figure 9. Cy's molar heat capacity variations in the liquid phase, versus temperature and carbon atom number n;: comparison between
the experimental data?® (O, @) and those calculated by the model of group contribution (—).

and CHa. So, the global formula of the C,’s heat capacity
in the liquid phase becomes

Criian2(T) = 2(A°™ + BY™T) + (n, — 2)(A“™ + BCHles))

This polynomial relation, as a function of temperature
and number of carbon atoms n., is obtained by optimization
of our experimental measurements? of the variations of
Cn's heat capacities in the liquid phase, for the 27 pure
Cy's studied going from Cyg to Ceo:

Cpig/d-K "*mol™* = (0.0343n, + 0.2855)T+ 24.587n, —
203.370 (16)

To illustrate the validity of this predictive expression,
Figure 9 represents the experimental variations of the heat
capacity in the liquid phase of five C,s?® and those
calculated by Benson’s model.

We notice a scattering of the C,’s heat capacity data in
the liquid phase, whose amplitude increases with the chain
length of the considered C, (cf. Figure 9). Indeed, this
phenomenon of data scattering can be related to a greater
internal disorder in high molecular weight C,’s, associated
with mechanisms of folding, deformation, and tangling of
carbon chains. This explanation was already mentioned by
Van Miltenburg3® and Atkinson,3” who stated that, in a
region of 30—40 K above the melting point, the heat
capacities do not follow a linear relationship with temper-
ature. This peculiar behavior would then correspond to the
enthalpy necessary to have a completely random orienta-
tion of molecules in the liquid phase and break any residual
order persisting in the liquid immediately after the melting
point.

Conclusion

The combination of a general review of literature data
and our calorimetric studies, obtained in a large chain
length range, permits the establishment of simple analyti-
cal expressions to represent all phase change properties
as a function of carbon atom number n.: linear equations
for the total enthalpy and the melting enthalpy and
quadratic equations for the o—d transition enthalpy with

a distinction between odd- and even-numbered C,’s. In the
liquid phase, we proposed a simple function to estimate
the heat capacity, by a method of group contribution, for a
large range of chain lengths and in strong agreement with
the experimental results. For the ordered solid phase, we
elaborated a model combining an adaptation of the model
of the heat capacity of Einstein’s solid, for the vibration
aspect of the molecular movements, with a method of group
contribution, to take into account the skeletal intramo-
lecular effects. This model effectively restores the heat
capacities in a wide domain of temperatures between 0 K
and the first temperature of transition. However, it cannot
report the peculiar effects related to the increase of the
intramolecular defect concentration with the temperature
and the Cy’s length.

Notation

Cn = n-alkane having n carbon atoms (CrnH2n+2)

n. = carbon atom number of a C,, molecule

Cop = even-numbered n-alkane with p, the carbon atom
number

Cap+1 = odd-numbered n-alkane with p, the carbon atom
number

Z = molecule number by unit-cell (coordination number)

Crystallographic Strucutres

Ordered Phases of n-Alkanes at “Room Temperature”

Bo(C2p+1) = orthorhombic phase Pbcm of odd-numbered
Copt1 (Ne=2p + 1) B

y0(Czp) = triclinic phase P1 of even-numbered Cyp (N =
2p =< 26).

00(C2p) = monoclinic phase P2;/a of even-numbered Cyp
(28 <= n. = 2p =< 36).

Bo(C2p) = orthorhombic phase Pbca of even-numbered
Cop (38 = nc = 2p =< 44).

Po(C2p) = orthorhombic phase Pca2; of even-numbered
Cop (46 = n. = 2p)

Disordered Phases at “High Temperature”

S(Fmmm) = orthorhombic phase; this phase presents
the “rotator” state, called -RI. ~
o-RIl = rhombohedral Rotator phase (R3m)
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y-RINl = triclinic disorder phase
0-RIV = monoclinic disorder phase

Thermodynamic Data

a and b = optimization parameters for the relation Trys
= f(nc)

To = melting temperature for a C, with infinite molec-
ular weight

To-o/K, AHy—o/J-mol~1 = temperature and enthalpy of
the order—order transition

To-d/K, AHo—g/J-mol~t = temperature and enthalpy of
the order—disorder transition

Trus/K, AfuisH/J-mol~t = temperature and enthalpy of the
melting

Acl,H/J-moI‘l = total enthalpy variation (ordered phase
— liquid)

A?uSH = melting enthalpy of a disordered rotator phase

Aq,H = melting enthalpy of an ordered phase

Chp(sol), Cpyiig/d-K~1-mol~1 = heat capacities in the solid
and liquid state

Cpr/J-K 1-mol~1 = heat capacity in the rotator state

N = number of oscillators per C,, molecule

6 = Einstein’s temperature

R = universal gas constant

c/K=2, d/K=3 = parameters for the contribution of the
skeletal intramolecular effects to energy
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