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Enthalpies of Solution and Excess Enthalpies of
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The temperature dependence of retention data is measured for

5 n-alkanes and 35 aliphatic ketones and aldehydes on capillary
columns using 4 bonded stationary phases: dimethyl polysiloxane
(HP-1), phenyl methyl polysiloxane (HP-50), trifluoropropyl methyl
polysiloxane (DB-210), and polyethylene glycol (HP-Innowax).

A novel equation is deduced from the expressions describing the
thermodynamic relations of the specific retention volume. The
enthalpy of solution, J,H°, is determined from the fits of In (k/T)
versus 1/T, where k is the retention factor and T is the column
temperature. The excess enthalpy HE is determined from the
enthalpy of vaporization in the middle of the temperature range
(the enthalpy of vaporization is available from the literature) and
from J, H°. The 7, H° values of the n-alkanes decrease with
increasing column polarity on the McReynolds scale, whereas those
of the alkanals and ketones tend to increase. The values of HE show
that, with increasing polarity of the stationary phase, the stronger
interaction with the C=0O group is cancelled out by a similar
decrease in interaction with the apolar part of the solute. With
increasing molecular size of the n-alkanals, the solute-stationary
phase interaction is increasingly less able to compensate the energy
necessary for hole formation in the stationary phase.

Introduction

Gas chromatography (GC) is a useful technique for the inves-
tigation of solute-stationary phase (solvent) interactions. The
gas-liquid equilibrium in a GC column is generally character-
ized by the distribution constant or by the free energy, the molar
enthalpy and entropy of solution (&,H° and &,,S°, respec-
tively). In this respect, &,;H° is the most important and fre-
quently investigated function for representing the solute—
stationary phase interaction. From its value, one can determine
the lowest temperature at which the stationary phase can be
applied and select the best solvent for the polymer stationary
phase (1) and the solvent for rinsing the bonded phase in the cap-
illary column. In certain cases, the enthalpy of vaporization can
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be determined from &, H° (2). Its value reveals a change in the
structure of the stationary liquid phase with temperature (e.g., in
liquid crystals)(3) and therefore the lower limit of its applica-
bility in analysis. It serves as a basis for the interpretation of
polarity and selection mechanisms (4). &,;H° with &;,S° may be
used to predict the retention factor and therefore the retention
time on a given stationary phase.

The growing interest in capillary columns with a relatively
inert wall has necessitated the study of the thermodynamic char-
acteristics of the new bonded phases.

The basic relationships describing the solution process involve
the specific retention volume at 0°C, V; (5).

Two basic thermodynamic functions of the distribution pro-
cess (i.e., the molar enthalpy and entropy of solution) can be
determined by means of the van't Hoff equation from the tem-
perature dependence of the distribution constant A:

—_ QolH ° QOISO
InK = R TR Eql

where T'is the column temperature, R is the molar gas constant,
and K is the distribution constant of the distribution process.
Similarly, for the Henry constant, a simple relation exists
between K, Vy, and the relative molar mass of the stationary
phase M (6):

Ve=—2BRE Eq2

When the following distribution process is applied,

solute (p = 105 Pa, mobile gas phase) <> solute
(infinitely dilute stationary phase) Eq3

V4 can be determined from the analytical conditions

£ j(tg —tw)273

V= WsT

Eq4

where F.. is the carrier gas flow rate, j is the compressibility cor-
rection factor, #y is the retention time of the solute, #y is the
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column dead time, and W is the mass of the stationary phase.

@oH° is usually determined from the slope of In Vg versus 1/T
plots (7,8). The measurement of V is relatively easy if a packed
column is used. However, the difficulty in the determination of
V4 for analyses with a capillary column is twofold: the mass of the
stationary phase is ambiguous because the film thickness is not
uniform and not accurately known, and the measurement of the
carrier flow rate at low speed may be uncertain (9).

It should be mentioned that the heat of solution can also be
calculated independently from the temperature dependence of
retention data; empirical retention time versus boiling point
relations are suitable for the estimation of & ,H° values on
apolar and slightly polar columns (10).

The retention factor (capacity ratio) & (11,12) has also been
employed as an alternative for the determination of & ;H°. The
parameter k is preferably used because of the simplicity of its
determination from the chromatogram.
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There are differences in &, H° determined from the fit In /& or
In Vg versus 1/T. The reason for this is the different standard
state, concentration, or pressure of the solute in the gas phase
(Eq3) (6).

The solution process consists of the condensation and mixing
of the pure compound with the solvent. &,,/° is divided into two
parts:

nglHo = _Q@ap[—[0 +HE

1 Eq5

Eq6

where &,,,H° is the enthalpy of vaporization and /¥ is excess
enthalpy (the energy needed or liberated during the transfer of 1
mol of pure liquid solute into 1 mol of infinitely dilute solution).
HE can be calculated from Eq 6 using the experimental Zf,H°
and &, H° values. &,,/1° is known with appropriate accuracy
(0.1-0.3%) for several compounds, generally at

Table 1. Characteristics of Capillary Columns

the boiling point or in a standard state (i.e., con-
ditions rarely applicable in GC) (13,14).

* All phases are bonded.
* Sum of the first five McReynolds constants (5,16).

Inner Film The calculation of @,,,[° for several organic
diameter thickness Length compounds at any temperature by a semiempir-
Notation  Column Stationary phase* (mm) (pm) (m)  Polarity* | ical method from accurate data sets was
recently suggested, with a reported maximum
A HP-1 dimethyl polysiloxane ~ 0.32 1.05 50 222 error of approximately 2%:
B HP-50 50% phenyl methyl 0.3 0.5 30 884
olysiloxane
C  JAWDB210 % tifluoropropyl  0.32 05 0 150 | Gufl’=Aep-aly)1-Tye Eq7
methylpolysiloxane
D HP-Innowax ~ polyethylene glycol 0.32 05 30 2308 | where Ty is the reduced temperature and A and

a can be determined from group values (15).
In the present paper, a convenient method for
the determination of &;H° from the retention

Table 1I. Estimation of HE of n-Alkanes from - H° and ,,, H° Values on Different Stationary Phases*

Column A Column B Column C Column D DapH 353t

n-Hexane -Gy H° 28.93 £0.21 (27.59 26.36 £ 0.15 (26.9)8 2418 £0.14 21.02£0.25 28.87
HE -0.06 251 4.69 7.85

n-Heptane - H° 33.26 £0.27 (32.6) 30.49 £0.16 (31)8 28.06 £0.17 2453 +0.18 (26.8)* 33.44
HE 0.18 2.95 5.38 8.91

n-Oktane -Gy H° 37.46 £ 0.11(36.7) 34.45+0.13 (35.2)8 31.70£0.17 28.23 +0.25 (30.8)* 37.94
HE 0.48 (-0.08)** 3.49 6.24 9.71

n-Nonane - H° 42.04 +0.20 (40.8)' 38.49 +0.15 35.54 +.014 31.88+0.21 (34.5 4243
HE 0.39 (0.18)** 3.94 6.89 10.55

n-Decane -AH 46.41 £0.25 (44.5) 42.38+0.14 (43.9) 39.05+£0.17 35.48 +0.20 (38.5)* 46.98
HE 0.57 (0.55)** 4.60 7.93 1.5

* In kJ/mol within the temperature range 323-383 K. HE values are calculated using Eq 6.
* Calculated from references 13 and 14 and Eq 11.

+ n-CyHyy 373.15 (7).

§ OV17,T=333-423K(19).

" SE30, T=333-423 K(19).

# PEG20M, T = 333-393 K (19).

**SE30, T =393 K(20).
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Figure 1. Dependence of In (k/T) on 1/T on column A. O, n-hexane, B, n-heptane; A, n-octane;
@, n-nonane; <, n-decane.
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Table IlI. -, H° for Selected Ketones and Aldehydes*

*In kJ/mol in the temperature range 323-383 K.

Solute Column A Column B Column C Column D

Acetone 23.868+£0.23  2674+0.08 2953011  29.03+0.13
2-Butanone 27.50£0.32 3074019 32.64+0.14  31.73+0.15
2-Pentanone 31.05+0.20 3438+0.16  36.25+0.18  34.35+0.16
3-Pentanone 31.72£0.21 3481+£0.16  35.84+0.19  34.03+0.10
3-Methyl-2-butanone 30.37 £0.14 33.08 £0.1 3497 +£0.17  3253+0.16
2-Hexanone 35.85+0.16  3836+0.20  40.01+0.22  37.85+0.17
3-Hexanone 36.42 £0.22 3820+£0.16  39.14+0.26  37.05+0.29
4-Methyl-2-pentanone 33.89£0.25 36.15+0.18  37.65+034  35.02+0.25
3,3-Dimethyl-2-butanone 32.33+£0.14 3438+0.16  36.66+0.28  32.58+0.19
3-Methyl-2-pentanone 3423+0.12  3635+0.17  3795+0.18 34.81+0.13
2-Heptanone 40.79+0.23  4237+0.14  4357+027 41.12+0.17
3-Heptanone 4024026  4213+018  4292+0.25 40.06+0.13
4-Heptanone 4020+0.23  4146+0.19  4227+024  38.93+0.22
5-Methyl-2-hexanone 39.28 £0.29 4094017  4398+0.27  39.74+0.19
2,4-Dimethyl-3-pentanone 3577 £0.17 3744018 4027038 34.23+0.18
5-Methyl-3-heptanone 42.68 £0.25 4401022  4554+035 41.20+£0.22
2-Methyl-3-heptanone 42.74+024  4353+0.17  4472+030 40.53+0.15
3-Octanone 4556034 4673030  47.12+030 44.12+0.21
5-Nonanone 49.07+033  4998+036  50.25+0.31  46.53+0.21
Acetaldehyde 17.86 £0.23 2195+0.28  2390+0.12 2556 +0.24
Propanal 2293 +£0.21 26.82£0.13 2757 £0.14  28.62+0.30
Acrolein 22.50£0.15 2617 £0.14 2740012 29.96 £0.20
i-Butanal 26.11+£020  2849+0.18  29.93+0.15  28.91+0.19
Butanal 27.24£020  30.29+0.21 31.61+£0.16  31.14+0.28
i-Valeraldehyde 2930+£020  3234+0.18  3339+0.10  31.98+0.12
2-Methylbutanal 30.45+0.25 3271+£0.14 3400017  31.89+0.22
trans-2-Butenal 29.45+0.22 33.23+£0.15 3460+£0.13  35.69+0.17
Valeraldehyde 31.71£0.37 3459 £0.19 3517018  34.05+0.12
Trimethylacetaldehyde 27.63+0.24 2941014  31.33+0.13  27.54+0.15
Hexanal 36.30+0.12 38.65+0.17  38.88+0.20 37.74+0.26
2-Ethylbutanal 34.38 £0.12 3648 +0.15  3696+0.23  34.66+0.20
3,3-Dimethylbutanal 32.01+£0.18 3417018  3572+£0.19  33.15+0.21
Heptanal 40.67 £0.18 4247 +013  4251+0.22 4142+0.15
Octanal 45.19 +0.31 46.82+0.22  4744+035 45.15+0.22
2-Ethylhexanal 43.03+0.29  44.02+0.18  45.04+0.16  41.09+0.17

factor of the solute is suggested. Another aim of
the paper is to show that this new method is
equivalent to that of I; in the determination of
i, 1H° using a new equation that gives results
comparable to other determinations on a packed
column. The observed characteristics in the
solution enthalpies of n-alkanes and aliphatic
oxo compounds (branching, position of the car-
bonyl group, and polarity of the stationary phase)
are interpreted.

Experimental

In this study, selected n-alkanes, aliphatic
ketones, and aldehydes were chosen as model
compounds. They were purchased from Fluka
AG (Buchs, Switzerland) and Aldrich (Mil-
waukee, WI) and were used without further
purification. The retention measurements were
performed with a 5890 Hewlett-Packard series I
GC with an HP 3365 ChemStation. A flame ion-
ization detector (FID) and a split/splitless injec-
tor in split mode were used. The carrier gas was
nitrogen. A constant inlet pressure was applied,
and the carrier flow rate was set to the minimum
range of the height equivalent to one theoretical
plate (HETP).

The characteristics of the capillary columns are
summarized in Table I. Column A was an HP-1
(Hewlett-Packard, Palo Alto, CA), column B was
an HP-50 (Hewlett-Packard), column C was a DB-
210 (J&W Scientific, Folsom, CA), and column D
was an HP-Innowax (Hewlett-Packard). The sta-
tionary phases were selected to cover a wide range
of polarity (16) and to display different types of
interactions with the oxo compounds. The reten-
tion times were measured at 50, 70, 90, and
110°C, with three injections at each temperature.

Theory

The relationship between Vg and & can be
expressed by substituting £, = V°y/jty into Eq 4,
where V°y is the corrected gas hold-up volume
and (tg—ty) =kt

_ 213k V°y
Vg = Wil Eq8
Upon substitution of Eq 8 into Eq 2 and after
algebraic transformations, the following equa-
tion is obtained:
k gt ° QOISO

lnT: Rt R +In

WiR
My

Eq9

The second and third terms on the right-hand
side of Eq 9 are temperature-independent;
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therefore, ., ° can be determined from the slope of the linear
function In (&/T) versus I/T. The usefulness of the theoretically
derived Eq 9 remains to be proved.

Evaluation of the experimental results

The experimental ¢z data were evaluated by a method similar
to that used previously (17). fy was estimated by the Marquardt
method with the software ProStat (Poly Software International,
Sandy, UT) via the equation
In(fg—ty) =al+b Eq 10
where [ is the retention index of at least 4 n-alkanes whose reten-
tion indices bracket the retention index of the given carbonyl
compound.

Because the applied temperature range is near or below the
boiling point in most cases, the temperature dependence of
@,apH ° is expected to be small with behavior close to linear. The
use of &{,,,/1° calculated for 353 K (the midpoint of the temper-
ature range of the GC analyses), therefore, should not result in a
significant error in the determination of /553, €{,,,H °353 could
also be calculated using Kirchhoff’s law

@apH°r = QrapH 995 + [C, (8) - G, (DT Eq1l

with the standard {,,,/7°2s and molar heat capacities of the com-
pounds in the liquid and gaseous states. The heat capacities were
taken from Shaw (18). The @,,[{°353 data calculated with
Equations 7 and 11 agree within 1% for the n-alkanes. &,
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for oxo compounds was either calculated from Eq 7 or taken
directly from the experimental data in the literature. As a result of
the experimental errors in ,/° and the literature &,,,/° values,
the accuracy in HE is lower than the two decimals indicated.

Results and Discussion

To test Eq 9, &,,H° was determined for various n-alkanes. The
In (k/T) versus 1/T fit gave an excellent straight line (Figure 1).
The correlation coefficient was generally 0.9995-0.9999. The
@i, iH s (all negative in sign) determined from this graph for
the n-alkanes, together with some reference data, are given in
Table II, and those for the oxo compounds are given in Table III.
A comparison of the &, H° data for the n-alkanes with some lit-
erature data shows the equivalency of the two methods: the
determination of ,/° for the fits of In V or In (k/T) versus 1/7.

Although &H° is temperature dependent, it can be consid-
ered constant within a narrow temperature range. We could not
find any experimental results on the nonlinearity of the slope
—ZyH°/R. For many organic compounds, 2C,° [g] - 2C,° [I] =
-54 J K- mol-L, according to the Sidgwick rule (14). The excess
heat capacities of hydrocarbons on phthalate esters (24) were
approximately 20-50 J K-1 mol-L. Therefore, increasing the tem-
perature results in a less negative value of <, /° and a more
positive value of /E; that is, these two effects may largely cancel
each other out, so that their influences that are highly dependent
on the solute and stationary phases are greatly decreased.

@, H® values of n-alkanes increase as the

14

Table IV. Estimation of HE* Data of Some Ketones and Aldehydes from @,,,H° and O H° | polarity of the stationary phase increases,
whereas for the most volatile n-alkanals (Figure
ColumnA  ColumnB  ColumnC  ColumnD  Z,Hs55 | 2) the opposite is true. HE data calculated for
selected oxo compounds are listed in Table IV.
Acetone 393 1.07 -1.72 -1.22 27.81" The polarities of the ketones, characterized by
2-Butanone 3:80 036 -3 ~043 3130 the dipole moments, are approximately the same
2-Pentanone 3.82 0.49 -1.38 0.52 34.87¢ ’ BN
3 Pentanone 397 018 085 0.96 34.99¢ The excess enthalpy (and therefore the solubility)
3-Methyl-2-butanone 289 018 .71 073 33.06¢ decreases with the size of the apolar carbon chain
2-Hexanone 3.77 1.26 2039 1.77 39.62¢ on apolar column A. Column B is a column of
3-Hexanone 238 0.6 034 1.75 38.80¢ medium polarity; the HE values are about the
4-Methyl-2-pentanone 3.14 0.88 -0.62 2.01 37.03* same because the polar and apolar effects cancel
3,3-Dimethyl-2-butanone 231 0.26 -2.04 2.06 34,645 each other out. The excess enthalpy increases on
3-Methyl-2-pentanone 2.62 0.50 -1.10 2.04 36.85" the polar columns C and D similar to the size of
2-Heptanone 2.35 0.77 -0.43 2.02 43.14" | the apolar part of the molecule. The stronger
3-Heptanone 2.69 0.80 0.01 2.87 42.93"% 1 interaction between the C=0 group and the sta-
4-Heptanone 253 1.27 046 3.80 4273"% | tionary phase of increasing polarity is cancelled
2,4-Dimethyl-3-pentanone 2.78 1.1 -1.72 432 38.55" b imilar decrease in the interaction with
2-Methyl-3-heptanone 1.86 107 002 407 aap | OUEDYasimilar
3-Octanone 2.39 122 0.83 3.83 47950 | the apolar part of the solute.
5_Nonanone 1.79 0.88 061 433 50.86" Column C is a selective column for oxo com-
Propanal 3.44 ~0.45 12 9.5 26.37" pounds, because there are weak complex bonds
i-Butanal 2.48 0.1 ~1.34 ~0.32 28.59" between the fluorine atoms in the CF5 group of
Butanal 3.35 0.30 -1.02 -0.55 30.59" the stationary phase and the C=0 group of the
‘ solute. The energy released in the interaction
; Eg T nigimol with the stationary phase compensates the strong
; Ee;’erence 21. dipole—dipole, dipole-induced dipole, and disper-
, perence 22 sive forces between the oxo compounds. The ten-
# Reference 23. dencies observed in Table IV are therefore less
pronounced for column C than for column D.
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The slopes of the lines & ;H°(n-alkanal) and &,,H°(n-alkane)
versus N¢ are approximately the same, except in the case of
column D (Table V).

Extrapolation of the line & ,;H° versus N for the n-alkanes to
zero carbon number leads to intercepts around &, H°= 0; a
hypothetical hydrocarbon with N; = 0 undergoes no interaction
with the stationary phase. Above NV = 2, the decrease in enthalpy
of solution is attributed to the presence of the CH, unit, which
accounts for 4.4-4.5 kJ/mol on an apolar column for n-alkanes
and n-alkanals. For 2-ketones, a value of 4.3 kJ/mol has been
reported (25).

The lines for the n-alkanals intersect at different points. The
smaller the difference in polarity of the phases, the higher the N
values of the n-alkanals at the intersection points. The longer the
carbon chain in the aldehyde, the less the column polarity affects
@i, H°(see the similarity of the &, ,H° data for n-octanal in
columns A-D and B-C in Table III). A comparison of &,H° and
HE for the straight-chain heptanone isomers (Tables III and IV)
shows that the greater the column polarity and the more symmet-
rical the ketone, the more positive HE and ,H° are. These two
observations can be explained by the behavior of the solute in the
cavities of the stationary phase. The chain is not straight; it may

-15

Figure 2. Dependence of ZH° on number of carbon atoms for n-alkanes and n-alkanals on various
stationary phases. T = 323-383 K. @, HP-1;J, HP-50; A, DB210; O, HP-Innowax.

Table V. Results of Linear Regressions Z{,;H° = a x N¢ + b for n-Alkanes and

* NC, number of carbon atoms.

fold back and shield the polar group from the sta-
tionary phase. The solute-stationary phase inter-

1S action is even less able to compensate the increase
20 :\\ o in energy necessary for hole formation. Here, only
i \\ . . n-alkanes | the columns with polar groups (e.g., columns C
25 NN S o L and D) have real effects when the alkane chain is

- P e > ~ . .
B .« A el less soluble in polar phases, and there is more
W N \\\\\gﬁi \\\ \\\ \\1 \*\Y freedom for the apolar part of the molecule to
R NN e O ~_ 0> move independently from the stationary phase.

-alkanal N AN N L -
< a5 @ \ﬁ\ S E\: “a Similar conclusions were drawn from a compar-
- NS e e l ison of &, ;H° for 2-ketones and n-alkanes on the
-40 (— | n-CygHyy phase (25), but differences in the slopes
2 ‘\ “v | for n-alkanes and n-alkanals on columns A and B
45 — 4 were not observed.

- ‘ Some opinions concerning the usefulness and
0 3‘ L 5‘ i IL accuracy of HE determined using Eq 6 are skep-

tical, because it is the difference between two
large quantities (,/7° and &, H°) (26). How-
ever, &, H° and &,,,H° can presently be deter-
mined fairly exactly (calorimetrically and by GC
methods), so the difference can be considered
realistic. At any rate, capillary GC offers a simple

n-Alkanals* method relative to calorimetric methods for the
determination of HE in dilute solutions.
Column Parameter n-Alkanes n-Alkanals
A a Value 4374 +0.033 4.518 +0.0349 .
b Value 2628 £0.270 91060185 | Conclusion
Correlation coefficient r 0.99991 0.99985
Fischer statistics 17372 16702 In the case of capillary columns, the enthalpy of
Residual error s (k) mol-1) 0.105 0.185 solution determined from the slope of the graph
B aValue 4.004 £ 0.022 4.0810.053 In (k/T) versus 1/T can be equivalent to that
b Value N 2.402£0.180 14107£0.287 | determined from the slope of In V versus 1/7. H
Correfation coefficient r 0.99995 0.99957 values of n-alkane and oxo compounds derived
5| Fom G andContion s
' ' terize the selective, polar, apolar, and molecular
C a Value 3.722 £0.034 3.849 £ 0.072 . . .
bValue 1930 £ 0277 16,053 + 0.388 mterac.tlons betweeon the sta'tlon'ary phase.an'd the
Correlation coefficient r 0.99987 0.99912 solute if the &,,/1° determinations are similarly
Fischer statistics 11847 2853 accurate enough. The observed tendencies in
Residual error s (k) mol-") 0.108 0.381 i, /H° can explain the behavior of the solute in
D aValue 3.627 +0.016 3.249 +0.106 the cavities of the stationary phase.
b Value -0.788 £ 0.131 18.566 + 0.569
Correlation coefficient r 0.99997 0.99736
Fischer statistics 50662 946
Residual error s (k) mol-') 0.051 0.559 Acknowledgments
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