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Abstract

A polar type liquid having a secondary alcohol substituent on a branched alkane skeleton, SOH, was used as stationary
phase. The molecules of this stationary phase are nearly isomorphous and isochor with those of the branched alkane, C ,78

elected as standard, i.e., the molecules of both solvents have nearly the same form and the same size. Partition properties of
158 chosen molecular probes were measured by gas chromatography on SOH and on an SOH–C mixture having a volume78

fraction of w 50.5. Based on the resulting data an interaction free enthalpy could be calculated, i.e., the additional effectSOH

of the secondary alcohol to partition. Comparison with data determined earlier on another member of this solvent family,
POH, having a primary alcohol as interacting group gives information about the effect of steric hindrance on polar type
solute–solvent interaction free energies.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

In the present report are given partition properties
of 158 molecular probes, j, between the ideal gas
phase and the melt of the secondary alcohol, P5

SOH, and its mixtures with the alkane, A;C , with78

structures depicted in Fig. 1. The data are presented
as standard chemical potential differences, Dm, re-
lated to the molal Henry coefficient, g, by Eq. (1):

Fig. 1. Structures of the applied stationary phases: A;C : X5H,78
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L L 21
Dm 5 RT ln ( g / atm kg mol ) (1) of n-alkanes as a function of temperature with thej j

average of data acquired over the whole project
21 21where R (51.9872 cal mol K ) is the universal period and to characterize solutes by their retention

gas constant and T (K) is the absolute temperature (1 indices. Latter data were then reconverted to gSPOTs
cal54.184 J; 1 atm5101 325 Pa). The superscript L by interpolation between the adequate n-alkanes (for
denotes the stationary liquid which may be A or P or details see below).
for an A–P mixture. Note, that throughout this paper Data of this same set of molecular probes have
the acronym SPOT will be used for the standard been determined on all polar stationary phases, L5P,
chemical potential difference (;the standard molar listed in Table 1 as well as on the alkane L5A;C78

Gibbs energy difference). The particular SPOT de- and on their mixtures, L5A–P.
fined in Eq. (1) with the ideal gas phase as reference Using the information listed in Table 1, inspection
will be referred to as gSPOT. of Fig. 1 shows that the alkane C and all mono-78

Partition coefficients were deduced from gas chro- and tetrafunctional ‘‘solvents’’, P, have as closely as
matographic measurements performed at several possible the same form and that their molecules have
temperatures in the temperature range of 90–2108C. nearly the same size (compare the molar volumes). In
Contribution to solute retention by adsorption at the fact, in a first study gas chromatographic measure-
interfaces was reduced to a negligible minimum by ments on a series of five high-molecular-mass al-
applying column packings with high liquid loading kanes (C H –C H of the Apolane series)59 120 103 208

on an adequately deactivated support of low specific have indicated [7] that data indeed depend on the
surface area [1]. The working technique developed in size of the solvent molecule. The gSPOT of a solute
former projects [1–6] has been applied for the is, as a first approximation, linearly proportional to
collection of data. It consisted of calculating gSPOTs the inverse of the molar volume of the alkane

Table 1
aThe members of the isomorphous isochor stationary phase family

†Symbol Polar interacting group R R X v Ref.1 2
3 21L (PIG) (cm mol )

The standard alkane
C – CH CH CH CH H 1420.9 [1]78 2 3 2 3

Dipolar endgroups
MTF (Mono)trifluoromethyl CH CF CH CH H 1451.8 [4]2 3 2 3

TTF Tetrakis-trifluoromethyl CH CF CH CF H 1495.7 [4]2 3 2 3

PCl Primary chloro CH Cl CH CH H 1414.2 [5]2 2 3

PBr Primary bromo CH Br CH CH H 1419.3 [5]2 2 3

Hydrogen bond acceptors
MMO Monomethoxy OCH CH CH H 1412.2 [6]3 2 3

TMO Tetramethoxy OCH OCH H 1393.3 [6]3 3

Hydrogen bond donor /acceptors with different steric environments
POH Primary alcohol CH OH CH CH H 1404.2 [1]2 2 3

SOH Secondary alcohol CH CH CH OH 1413.8 This work3 2 3

Specific phases
PSH Primary thiol CH SH CH CH H 1415.7 [6]2 2 3

PCN Primary cyano CH CN CH CH H 1414.7 [6]2 2 3

Furthermore [7]
Alkanes of the Apolane series: C H , C H , C H , C H , C H59 120 67 136 75 142 87 176 103 208

a † †For the symbols R , R and X see Fig 1; v is the molar volume of the melt at the standard temperature T 51301273.155403.15 K.1 2
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solvent. Comparison of these same data with those of ideal dilute solution of the given PIG, and the ideal
different alkanes from the literature has indicated dilute solution of the solute in the standard A;C ,78

that the effect of the shape of the solvent molecule is is referred to by the special symbol —D 9 and will be
of secondary importance. Based on these conclusions designated by the acronym idSPOT. Its value is
the partition equilibrium of a solute between the considered as the (additional) interaction free en-
standard alkane stationary phase, A5C and an thalpy of the solute with a standalone polar interact-78

isomorphous, isochor, monofunctional polar station- ing group, idPIG, in question.
ary phase, P, may be considered as a measure of the This work shall complete a unique data bank
additional interaction forces between the solute and (based on about 40 000 retention measurements) [1–
the polar interacting group, PIG, of the polar solvent, 6] and represent an advanced version of that of
P. The corresponding standard chemical potential McReynolds [8,9] (based on about 2000 retention
difference is given in Eq. (2): measurements). It will hopefully permit prediction of

partition data based either on structural details of the
P P A—D m 5 Dm 2 Dm (2) solute, j, and those of the solvent [10] or based onj j j

gSPOTs determined on a few selected standard
stationary phases [11–14]. In fact, this has been thePObviously, for the specific SPOT, —D m , as de-j subject of many research projects since the intro-

fined in Eq. (2), the reference state is the ideal dilute
duction of gas chromatography (GC).

solution of the solute in the apolar standard, A, hence
In a first paper on this subject Wehrli et al. have

it shell be referred to as aSPOT.
suggested that partition data with the ideal dilute

In this discussion the melt of a monofunctional
solution in an alkane as reference state (DI values or

solvent, P, was considered as if it was a (near 0.7
aSPOT data) may be interpreted as a measure of

molar) ‘‘solution of the polar interacting group, PIG,
polar type interactions. They have shown in Ref. [10]

in the standard alkane solvent’’ ([PIG]¯0.7 M). In
that the ‘‘DI value’’ may be calculated as a sum of

order to control the validity of this primitive picture
additive increments (as proposed for thin-layer data

tetrafunctional derivatives have been prepared of two
by Schauer and Bulrisch [15–17]). A few years later

of the monofunctional solvents: MTF and MMO [3].
Rohrschneider demonstrated in his classical paper

In fact, the aSPOT (and of course the gSPOT) data
[11] that DI values can be calculated by a method

of solutes on the monofunctional ‘‘solvent’’ and on
which is called today the ‘‘linear free energy rela-

the tetrafunctional derivative adequately ‘‘diluted’’
tionship’’. A solvent (i.e., a stationary phase) is first

with the alkane C (a 1:3 mixture) were shown to be78 characterized by partition data (DI values) of a
the same [4,6]. Based on this observation a method

necessary number, n, of test solutes. The resulting
has been proposed for the determination of a mea-

ensemble of n numbers are the elements of the
sure of the interaction of a standalone solute mole-

property vector of the solvent. A similar property
cule with a unit concentration of standalone func-

vector can be calculated for a given solute on the
tional groups as follows. First, aSPOTs of a given

basis of its DI values on a limited number of
solute are determined for a series of A–P mixtures,

stationary phases. The sum of the pair-wise multip-
i.e., as a function of the concentration of the PIG, in

lied terms of the two vectors gives the DI value of
the melt of L. From the results a quadratic equation

the solute. On the basis of data of some 22 stationary
is then fitted with the functional group concentration,

phases Rohrschneider has concluded [11] that the
[PIG], as variable. The slope of this function at zero

number of the necessary vector elements is n 55. On
concentration gives the necessary information for the

the basis of data of 200 stationary phases
calculation of an aSPOT in a hypothetical solvent

McReynolds has found [8,9] that the necessary
with no interaction between its functional groups:

number is n 57.
In the following years the paper of RohrschneideridPIG A–P—D 9m ; ≠—D m /≠[PIG] (3)s dT,[PIG]50j j has been subject to refinements and/or reinterpreta-

tion either in terms of DI values or in terms of the
This special aSPOT ‘‘measured’’ in a 1 molar analogous aSPOT data. Snyder separated the effects
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due to dispersion and polar interaction forces [18] polar phases) or any A–P mixture. Use of the
and defined a polarity index corrected for the molec- resulting molal Henry coefficient in Eq. (1) permits
ular masses for both of the solvent and of the solute. calculation of the corresponding gSPOT.
Karger et al. [19] have shown the relationship By supposing that the difference of the partial
between the method of Rohrschneider and Hilde- molar heat capacity of the solute between two
brand’s solubility parameter. Kamlet et al. [20,21] standard states is constant in the experimental tem-
have named the method ‘‘linear solvation energy perature domain, the temperature dependence of the
relationship’’ (LSER) and have shown the relation- corresponding SPOT is given by Kirchhoff’s approx-

Lship with other empirical descriptors, such as sol- imation. In the case of gSPOT with constant DC p, j
21 21vatochromic parameters (see also Ref. [22]). New (cal mol K ) Eq. (5a) holds:

parameters (for solutes and solvents) have been
L L L

Dm 5 DH 2 TDSj j jintroduced by Abraham et al. [23] by using among
others the McReynolds’ data set for the demonstra- TL † ]1 DC ? T 2 T 2 T ln (5a)F S DGp, jtion of their utility [24]. Carr and co-workers [25,26] †T
have proposed a similar model with an empirical

where the regression coefficients are interpreted aspolarizability term. An alternative approach is due to
L 21 L 21 21follows: DH (cal mol ) and DS (cal mol K ),Poole and co-workers [27,28]. Based on molecular j j

are the difference of the partial molar enthalpy andorbital methods Famini et al. developed a theoretical
entropy, respectively at an arbitrary standard tem-basis [29,30] for a priori prediction of the value of

†perature, T . The temperature dependence of thethe elements of the property vectors.
PaSPOT, —D m is given by the analogous Eq. (5b):In summary, we present a data bank with aSPOTs j

of 158 solutes between an ideal dilute solution in a P P P—D m 5 —D H 2 T—D Sj j jstationary phase which is a ‘‘solution of nonvolatile
interacting groups in a standard alkane solvent’’ and TP † ]1 —D C ? T 2 T 2 T ln (5b)F S DGp, j †the ideal dilute solution of the molecular probes in T
the standard alkane as reference. Also given are

The mixture of the isomorphous and isochor liquididSPOT data in a hypothetical ‘‘ideal dilute solution
phases, A5C and P is certainly a regular mixture.78of polar interacting groups’’, i.e., where these func-
Hence, the aSPOT of the solute, j, as a function oftional groups interact with solute molecules but not
the volume fraction, w, is given by Eq. (6):with each other. Let us insist, that (contrary to the

McReynolds data set) care has been taken to present A–P P A–P—D m 5 w —D m 1 w w m (6)j P j A P jdata based on partition measurements free from the
Pinfluence of interfacial adsorption. where —D m is the aSPOT of the solute in pure Pj

A–P(w 51). The factor m in the second term ac-P j

counts for the excess SPOT. Its temperature depen-
dence may be given as shown in Eq. (7):2. Theoretical

A–Pm 5 h 2 Ts (7)j j jIn the following are presented the most important
relationships. For details see Refs. [1] and [5]. where the symbols h and s are enthalpic and entropic

The relationship between the molal Henry coeffi- contributions, respectively.
Lcient, g , of a solute, j, in a liquid, L (the stationary The specific volume of an A–P mixture canj

Lphase) and the specific retention volume, V , is certainly be approximated as a linear combination ofg, j

given in Eq. (4): those of the individual components (no excess vol-
ume of mixing). In such binary mixtures the molar

L Lg 5 RT /(1000V ) (4) concentration of the polar interacting group, [PIG], isj g, j

given by Eq. (8):3 21 21where R (cm atm mol K ) is the universal gas
[PIG] 5 w [P]8 5 w 1000/v (8)constant and L may be A (;C ) or P (any of the P P P78
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3 21 A–Pwhere v (cm mol ) is the molar volume and [P]8 i 5 A 1 A DT (14)P j L, j LT, j

is the molar concentration of the pure polar station-
† †with DT5T2T where T 5403.15 K.ary phase, P, in the mixture at the temperature T.

Let us insist that, strictly speaking, the retentionEq. (6) gives the necessary information for the
index is not a linear function of the composition incalculation of the idSPOT by use of the relationship
mixed liquid stationary phases even if the mixture isof Eq. (3). Consequently, partial derivation of Eq.
ideal. However, the retention index difference of the(6) with respect to the molar concentration of the
solute j in the hypothetical ideal A–P mixture, atPIG, gives Eq. (9) for the interaction free enthalpy of
infinite dilution of the interacting polar atomic group,the solute j at infinite dilution with a standalone
‘‘idPIG9’’, is of theoretical and practical interest,interacting polar group, ‘‘idPIG’’ in the A–P mixture
because it is related to the polar solute–solventalso at ideal dilution:
interactions. Its value can be calculated, as given inA–P

≠—D mjidPIG Ref. [5]:]]]—D m ;S Dj ≠[PIG] T,[PIG]50 v PIGf gPidPIG P A–P
A–P ]]]]]—D 9I 5 —D I 1 i ? (15)s dj j j≠—D m ≠w 1000 1 1 PIG kj s f g dP

]]] ]]5 ?S D S D≠w ≠[PIG]T,w 50 idPIG A A ATP P with k 5(d 9m 2d 9m ) /dm , where d 9m andz z z z
P A–P idPIG

5 —D m 1 m v /1000 (9) d 9m are the slopes of the functions dj j P z
A / idPIG 21

dm PIG at [PIG]50 and 1 mol l , respec-s f gdz

The interaction free enthalpy given in Eq. (9) tively. In the case of C –SOH mixtures, the value78
21represents the net solute–solvent polar interaction of k is of the order of 20.02 l mol , consequently

contribution to the solvation free enthalpy, without the value of the correcting factor in Eq. (15) is of the
any influence by the solute–solute interactions. order of 1.02.

Chromatographic data of solutes other than n-
alkanes were determined on the retention index
scale. Let us recall that the retention index of a 3. Experimental
solute, j, is a measure of its gSPOT (or aSPOT) on a
scale of fixed points given by the corresponding 3.1. General
gSPOT of the n-alkanes, C H , as given in Eq.z 2z12

(10): The n-alkanes used as reference solutes for gas
L L chromatography were from Merck (Darmstadt, Ger-Dm 2 Dmj zL many) with stated purity better than 99.5%. All other]]]]I 5 100 ? 1 100zj L L

Dm 2 Dmz11 z solutes used as molecular probes for gas chromato-
L graphic measurements (listed in Table 4) weredmj / z

]]5 100 ? 1 100z (10) research-grade compounds from Fluka (Buchs, Swit-L
dmz zerland). The helium carrier (quality 6.0) and the

‘‘insoluble solute’’, neon (5.0), were from Messer-where d designates the difference between the
Griessheim (Krefeld, Germany). The synthesis of thegSPOTs of two solutes. Retention indices can be
alkane 19,24-dioctadecyldotetracontane, C H ,given in A–P mixtures as a function of composition 78 158

used as the nonpolar standard stationary phase (C )and temperature by the approximation given in Eq. 78
1has been reported in Ref. [3]. H nuclear magnetic(11):

13resonance (NMR) and C-NMR spectra were re-
A–P A P A–PI 5 I 1 w —D I 1 w w i (11) corded on a spectrometer from Varian (Palo Alto,j j P j A P j

CA, USA; Model Unity 300), using hexa-
where

methyldisiloxane as internal standard. Gas chromato-
A 2I 5 I 1 A DT 1 A DT (12) graphic analyses of synthetic intermediates in thej 130, j T, j TT, j

preparation of the stationary phase SOH (see below)
P 2—D I 5 —D I 1 —D A DT 1 —D A DT (13) were made with an instrument from Hewlett-Packardj 130, j T, j TT, j



216 A. Dallos et al. / J. Chromatogr. A 904 (2000) 211 –242

(Palo Alto, CA, USA; Model 5830 A) using a
methylsilicone stationary phase (SPB-1; capillary
column of length L530 m; initial temperature t 5i

211508C; temperature gradient: 10 K min ), or from
Shimadzu (Duisburg, Germany; Model GC 14/A)
using a methylsilicone stationary phase (OV-17;
capillary column, L510 m; t 51008C; gradient 10 Ki

21min ). GC–mass spectrometry (MS) measurements
were performed on an instrument from Hewlett-
Packard (Model 5890 Series II GC–MSD) using the
stationary phase SPB-1 in a 30 m capillary column

21(t 51508C; gradient 10 K min ).i

3.2. The stationary phase SOH
Fig. 2. Synthesis of 7-benzyloxy-16-heptadecyne.

Several reaction steps in the preparation of 18,23-
dioctadecyl-7-hentetracontanol (stationary phase with
secondary alcohol groups: SOH) are analogous to in 100 ml of THF was introduced from the dropping
those described in Ref. [3] for the preparation of funnel at a rate as to maintain a gentle reflux (ca. 40
18,23-dioctadecyl-1-hentetracontanol (stationary min). After completed addition the reaction mixture
phase with primary alcohol groups: POH). Manipu- was refluxed for a further period of 1.0 h, then
lations involving air-sensitive compounds were car- cooled and the ready-to-use Grignard reagent was
ried out in an Ar atmosphere using deoxygenated, transferred to a 500-ml dropping funnel. The funnel
dry solvents. The starting products: 10-undecenal (1; was attached to a 1-l three-necked round-bottom
.95% purity) and 1-bromohexane (2) were from flask equipped with a reflux condenser, an Ar gas
Aldrich and Fluka (Sigma–Aldrich, Budapest, Hun- inlet and a thermometer. In this flask was placed a
gary). The preparation of the C -ketone, 24-octa- solution of 25.0 g (141 mmol) of 10-undecenal (1;60

decyl-19-dotetracontanone (7) has been reported in .95% purity) in 120 ml of THF. The flask was
Ref. [3]. immersed in an ice–salt bath and the Grignard

The abbreviations used below are as follows: abs.: reagent was added drop-wise while maintaining the
21absolute; M: mol l ; m.p.: melting point; RT: room temperature below 08C (ca. 90 min), then the mixture

temperature; sat.: saturated; aq.: aqueous; for the was allowed to warm up to RT (ca. 90 min). After
description of the NMR spectra: s: singlet; d: doub- hydrolysis of the Mg compound with sat. aq. NH Cl,4

let; t: triplet; m: multiplet. hexane (50 ml) was added then the aqueous phase
was extracted with further hexane (2350 ml). The

3.2.1. Synthesis of 7-benzyloxy-16-heptadecyne (6, combined organic phase was dried over Na SO and2 4

see reaction scheme in Fig. 2) the solvent was removed in a rotary evaporator.
Chromatography of the yellowish, oily residue on

3.2.1.1. 16-Heptadecen-7-ol (3) silica gel (200 g) gave with hexane (1.0 l) a first
In a 500-ml three-necked round-bottom flask fraction, which was discarded. The second fraction,

equipped with a reflux condenser, a magnetic stirrer, eluted with hexane–Et O (1:1; 800 ml), afforded2

an Ar gas inlet and a dropping funnel was placed after evaporation of the solvent and recrystallization
5.21 g (220 mmol) of Mg. In an Ar atmosphere the in hexane at 2188C 32.1 g of 16-heptadecen-7-ol (3;
Mg was covered with 170 ml of freshly distilled GC: 98.0%) as a white crystalline solid (88% of the
tetrahydrofuran (THF) then 4.1 g (23 mmol) of theory); m.p.: 36–378C.

1 21,2-dibromoethane was added in one portion (activa- H-NMR [C HCl –tetramethylsilane (TMS)]: d 53

tion of the surface). Under vigorous stirring a 0.87 (m, 3 H), 1.29 (m, 18 H), 1.41 (m, 6 H), 2.04
solution of 25.3 g (0.153 mol) of 1-bromohexane (2) (q, 2 H, J56.7), 3.56 (m, 1 H), 4.93 (ddt, 1 H,
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J510.0, 2.2, 1.2), 4.99 (ddt, 1 H, J516.9, 2.2, 1.2), NaHCO (2350 ml) then dried (Na SO ) and the3 2 4

5.81 (ddt, 1H, J516.9, 10.0, 6.7). solvent was removed in a rotary evaporator. Chroma-
tography of the residue on silica gel (100 g) with

3.2.1.2. 16,17-Dibromo-7-heptadecanol (4) benzene–cyclohexane (1:4; 1.0 l) afforded 8.0 g of a
In a 250-ml three-necked round-bottom flask colorless, oily product consisting (GC–MS) of the

equipped with a mechanical stirrer, a thermometer ynol (5) (81%) and 17-bromo-16-heptadecen-7-ol
and a reflux condenser a solution of 16-heptadecen- (10%) besides some unknown minor components.
7-ol (3), (9.6 g; 37.0 mmol) in CCl (170 ml) was This product was used in the next step without4

cooled to 08C (ice bath). A solution of Br (6.2 g; further purification.2
1 238.9 mmol) in CCl (25 ml) was then added drop- H-NMR (C HCl –TMS): d 50.88 (m, 3 H), 1.284 3

wise within 90 min. After stirring for an additional (m, 18 H), 1.41 (m, 6 H), 1.53 (m, 2 H), 1.93 (t, 1 H,
period of 15 min at 08C the excess of Br was J52.7), 2.18 (dt, 2 H, J57.0, 2.7), 3.57 (m, 1 H).2

reduced by shaking with 5% aq. Na S O (30 ml).2 2 3

The organic phase was washed with sat. aq. NaHCO 3.2.1.4. 7-Benzyloxy-16-heptadecyne (6)3

(2330 ml) then dried over Na SO . The solvent was In a 500-ml three-necked round-bottom flask2 4

removed in a rotary evaporator and the solid residue equipped with a reflux condenser (connected to a gas
was recrystallized twice in 170 ml of hexane at outlet), a thermometer and a magnetic stirrer was
2108C to give colorless crystals: 14.0 g (90% of the placed 1.03 g (42.5 mmol) of NaH (20% in mineral
theory) of 16,17-dibromo-7-heptadecanol (4); m.p.: oil) in an Ar atmosphere. The oil was removed by
18–208C. The product was used in the next step washing with hexane (3315 ml) then the hydride
without further purification. was covered with anhydrous dimethylformamide

1 2H-NMR (C HCl –TMS): d 50.88 (m, 3 H), 1.28 (DMF) (120 ml), cooled to 2208C (ice–salt bath)3

(m, 18 H), 1.41 (m, 6 H), 1.80 (m, 1 H), 2.15 (m, 1 and at this temperature a solution of 10.2 g of the
H), 3.56 (m, 1 H), 3.63 (t, 1 H, J510.1), 3.85 (dd, 1 crude ynol (5), prepared in the previous step in
H, J510.1, 4.6), 4.17 (ddt, 1 H, J510.1, 7.0, 4.4). anhydrous DMF (50 ml) was added within 1.5 h then

the mixture was stirred for further 1.5 h. A solution
3.2.1.3. 16-Heptadecyn-7-ol (5) of benzyl bromide (7.4 g; 3.3 mmol) in anhydrous

In a 2-l three-necked round-bottom flask equipped DMF (50 ml) was now introduced within 7 h, the
with a mechanical stirrer, a thermometer and a reflux mixture was allowed to warm up slowly to RT (ca. 2
condenser was placed a solution of 14.0 g (33.8 h) and the solution was stirred for additional 8 h.
mmol) of the dibromoalcohol (4) and 27.1 g (48 After hydrolysis with sat. aq. NH Cl (100 ml) and4

mmol) of KOH in abs. EtOH (300 ml) and the 15% aq. H SO (70 ml) hexane (100 ml) was added2 4

reaction mixture was heated to reflux. After 16 h the to the mixture. The aqueous phase was extracted
mixture was cooled, water (70 ml) was added and with Et O (2350 ml) and hexane (2380 ml). The2

200 ml of EtOH was distilled off. The concentrated combined organic phase was dried over Na SO and2 4

solution was cooled to RT and extracted with evaporated in a rotary evaporator to give 12.8 g of a
cyclohexane (2380 ml) and Et O (2350 ml). The yellowish, oily product.2

combined organic phase was dried (Na SO ) and the GC–MS analysis of the crude product showed the2 4

solvent was removed in a rotary evaporator. The following components: 16-heptadecyn-6-ene (and
residue (10.3 g) was transferred to a 1-l three-necked isomers): 15%; 16-heptadecyn-7-ol (5) and isomers:
round-bottom flask containing a solution of 28%; isomers of 6: 44%; 7-benzyloxy-17-bromo-16-
BrMgN(i-Pr) in 550 ml of anhydrous THF hpre- heptadecyne (and isomers): 7%; unknown compo-2

pared by reacting butyl-MgBr (145 mmol) with nents: 6%.
(i-Pr) NH (2.4 g; 23.8 mmol) see Ref. [3]j. The The product was dissolved in hexane (150 ml) and2

reaction mixture was refluxed during 5.0 h, cooled to cooled to 2258C. After 3 days 3.5 g of a white
RT, then hydrolyzed with brine (100 ml). The crystalline mass was filtered containing (5) and its
aqueous phase was extracted with Et O (2350 ml), isomers [GC: 83%; N.B.: The yield could be im-2

the combined organic phase was washed with sat. aq. proved by repeated working up of the recovered



218 A. Dallos et al. / J. Chromatogr. A 904 (2000) 211 –242

alcohol (5)]. After evaporation of the solvent the
22residue was heated in an Ar stream at 1008C/2?10

Torr where the main part of the 16-heptadecyn-6-ene
isomers was removed by evaporation (1 Torr5

133.322 Pa). Chromatography of the residue (7.7 g)
on silica gel (100 g) with cyclohexane (1.0 l)
afforded 5.1 g (40% of the theory) of a mixture of
the 17-yne (6), and its 15-yne isomer (GC: together
96.1%) as a white, oily material.

In a 250-ml three-necked round-bottom flask
equipped with a magnetic stirrer, a thermometer and
a reflux condenser was placed 1,3-diaminopropane
(70 ml) then a suspension of 5.0 g (25.0 mmol) of
KH (20% in mineral oil) was slowly introduced
within a period of 20 min at RT. After stirring for
additional 1.0 h a solution of 5.1 g (14.3 mmol) of Fig. 3. Synthesis of 18,23-dioctadecyl-7-hentetracontanol.
the mixture of 6 and its 15-yne isomer in 1,3-
diaminopropane (20 ml) was added within 5 min
then after a further 5 min period, water (25 ml) was the yne 6 (4.5 g; 12.8 mmol) in anhydrous THF (200
added. The aqueous layer was extracted with hexane ml) was cooled to 2208C (ice–salt bath) and
(3350 ml), the combined organic phase was washed butyllithium (14.4 mmol, 2.5 M in hexane) was
with 15% aq. H SO (25 ml), sat. aq. NaHCO added within 10 min. The mixture was allowed to2 4 3

(2325 ml) and dried over Na SO . The solvent was warm up to RT then the solid ketone 7 (10.0 g; 11.62 4

removed in a rotary evaporator and the residue was mmol) was added within 10 min. The mixture was
chromatographed on silica gel (80 g). Hexane (200 stirred for additional 30 min while the initial white
ml) eluted the mineral oil originating from the KH suspension turned to a clear solution, which was
suspension. Elution with benzene–cyclohexane (1:4; allowed to stand at RT for 5 h. After hydrolysis with
500 ml) afforded 4.5 g (88% of the theory) of sat. aq. NH Cl (80 ml) and addition of Et O (1304 2

7-benzyloxy-16-heptadecyne (6, GC: 97.0%) as a ml) the organic phase was dried over Na SO . After2 4

white, oily material. evaporation of the solvent in a rotary evaporator
1 2H-NMR (C HCl –TMS): d 50.88 (m, 3 H), 1.28 crystallization of the residue in Et O–MeOH (3:2;3 2

(m, 18 H), 1.41 (m, 6 H), 1.51 (m, 2 H), 1.93 (t, 1 H, 300 ml) gave 13.3 g (95% of the theory) of 7-
J52.6), 2.17 (dt, 2 H, J57.0, 2.6), 3.36 (m, 1 H), benzyloxy-18,23-dioctadecyl-16-hentetracontyn-18-

13 24.49 (s, 2 H), 7.32 (m, 5 H). C-NMR (C HCl – ol (8, m.p.: 33–358C). Reaction of a 0.1 g sample of3

TMS): d 514.05, 18.33, 22.60, 25.28, 28.43, 28.68, 8 with 2,4-dinitrophenylhydrazine reagent (0.1 M in
29.01, 29.42, 29.48, 29.72, 31.82, 33.78, 70.66, EtOH–H PO , 1:1) showed the absence of ketone3 4

78.97, 84.68, 127.28, 127.67, 128.19. MS: m /z5342 (7).
1(M ), 205, 131, 117, 92, 91 (base peak), 55.

3.2.2. Synthesis of 18,23-dioctadecyl-7- 3.2.2.2. 18,23-Dioctadecyl-7,18-hentetracontanediol
hentetracontanol (SOH, see reaction scheme in (9)
Fig. 3) In a 1-l stainless steel autoclave 13.2 g (11.0

mmol) of 8 in cyclohexane (550 ml) was placed
3.2.2.1. 7-Benzyloxy-18,23-dioctadecyl-16-hentet- together with 1.3 g of 10% Pd–C catalyst. The
racontyn-18-ol (8) reaction mixture was shaken at 508C and 80 bar H2

In a 500-ml three-necked round-bottom flask pressure for 20 h then it was allowed to cool to RT
equipped with a reflux condenser, a magnetic stirrer, and the catalyst was filtered. The crude 18,23-dioc-
an Ar gas inlet and a dropping funnel a solution of tadecyl-7,18-hentetracontanediol (9) was recrystal-
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lized in ethyl acetate (100 ml) to give 11.5 g (94%) and temperature (Model DMA 512). The measuring
of pure 9; m.p.: 55–588C. cell consists of a U-tube, which is set into oscillation

by an electronic excitation system. The characteristic
3.2.2.3. 18,23-Dioctadecyl-7-hentetracontanol frequency of the oscillating U-tube depends on the
(SOH) density of the sample contained in the tube. The

In a round-bottom flask equipped with Dean–Stark calibration of the apparatus was performed by using
trap 11.5 g (10.3 mmol) of the diol 9 and 0.4 g (2.1 19,19-diethyl-14,24-ditridecylheptatriacontan (Apol-
mmol) of p-toluenesulfonic acid monohydrate were ane-67, C H ) as described in Ref. [7]. Error in67 136

25dissolved in benzene (500 ml). The reaction mixture density is guaranteed to be less than 65?10 g
23was refluxed for 5 h, allowed to cool to RT and cm . On the experimental points Eq. (16) was fitted

washed successively with water (23200 ml) and sat. by linear regression:
aq. NaHCO (200 ml), finally dried over Na SO .3 2 4 ln r 5 ln M 2 ln vSOH SOH SOHThe solvent was removed in a rotary evaporator. The

† † 2residue was hydrogenated (see above) in cyclohexane 5 ln r 2 a DT 2 B DT (16)SOH SOH SOH
(550 ml) in the presence of a 10% Pd–C catalyst

where the M is the molar mass, v the molarSOH SOH(0.50 g) at 408C and 15 bar H pressure for 20 h.2 † †volume, r the liquid density, a is the isobaricSOH SOHThe catalyst was filtered and the solvent was evapo-
coefficient of thermal expansion at the standardrated in a rotary evaporator. Recrystallization of the

†temperature T 5403.15 K. Finally, B 5(1 /SOHresidue in Et O–MeOH (3:2; 300 ml) afforded 10.2 g2
2)(da /dT ) is the temperature coefficient of ther-SOH(89% of the theory) of pure SOH; m.p.: 628C.

13 2 mal expansion. The numerical values of the co-C-NMR (C HCl –TMS): d 514.05, 22.55,3
efficients of Eq. (16) are listed in Table 2. Standard22.63, 25.56, 25.61, 26.64, 27.07, 29.31, 29.60,
deviations are also reported in Table 2, calculated29.65, 30.10, 31.78, 31.87, 33.62, 37.31, 37.43,

21 from the fitting errors obtained on the logarithmic71.90. Anal.: C H O (1098.02 g mol ): found:77 156
scale.C: 84.42; H: 14.92%; calculated: C: 84.23; H:

14.32%.
3.4. Columns for gas chromatographic data

3.3. Density of SOH
3.4.1. Support

The density of liquid 18,23-dioctadecyl-7-hentet- The column support was prepared by deactivating
racontanol (SOH) was measured at 5 K intervals in the commercial Chromosorb G from Supelco (Belle-
the temperature range of 80–2008C on a sample of fonte, PA, USA) as follows. In a 1.0-l ampoule was
about 1 g using a precision digital densitometer from placed in an argon atmosphere 100 g of Chromosorb
Anton Paar (Graz, Austria; Model DMA 55) with an G and 2.5 g trimethyl(dimethylamino)silane. The
external vibrating-tube remote cell for high pressure ampoule was sealed, then heated to 2508C for 24 h.

Table 2
aPhysical properties of the liquid stationary phases A;C [1] and SOH78

† † † 4 7L Formula m.p. M v r a ?10 B?10 D (regression)95
21 3 21 23 21 22 23(8C) (g mol ) (cm mol ) (g cm ) (K ) (K ) (g cm )

C C H 69–75 1096.1 1420.9 0.7714 7.62 1.26 60.000878 78 156

SOH C H O 62–64 1098.1 1413.8 0.7767 7.77 2.32 60.000277 156
25 25 24

D 65?10 62?10 69?1095

a † †Symbols: m.p. is melting point, M is the molar mass and v is the molar volume at the reference temperature T 5403.15 K. The density,
† †

r, of the melt, L, in the temperature range 80–2008C is given by Eq. (16) with the coefficients: r and a (the density and the isobaric
†coefficient of thermal expansion, both at T 5403.15 K), further B5(1 /2)(da /dT ) (the temperature coefficient of thermal expansion). The

symbol D is for the confidence limit at the 95% confidence level of the corresponding coefficients or around the regression.95
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After cooling to RT, the silylated support was (Delft, The Netherlands; Model 439) was used,
washed with Et O and dried in vacuum at 1508C. equipped with thermal conductivity detectors. The2

temperature in the oven was measured with a
3.4.2. Column packing platinum resistance thermometer (100 V, DIN

The desired amounts of the solid stationary 43710) in measuring devices from Systemteknik
phases, C and SOH were dissolved in cyclohexane (Lidingoe, Sweden; Model S 1221) with a precision78

to give together a |3.0% (m/m) solution. To this better than 60.05 K. The platinum sensors were
solution was added the weighed amount of the calibrated at the Hungarian National Bureau of
deactivated support then the solvent was evaporated Standards (Budapest, Hungary) between 273 K and
in a rotary evaporator [e.g., for the packing 1/1a: 500 K with a precision of 60.01 K. The mean
1.0263 g SOH11.0563 g of C (together 2.0826 g) column temperature was calculated by considering78

in 70 g of cyclohexane; 32.919 g of support]. The the temperature gradient indicated by chromel–
product was transferred to a cylindrical glass vessel alumel thermocouples at seven points in the oven.
and was heated in a slow argon stream first at 808C The experimental temperature did not change by
for 4 h then at 1308C during 10 h. Properties of the more than 0.2 K during a working day. The inlet
prepared column packings are summarized in Table 3. pressure of the helium carrier gas was controlled by

a precision pressure regulator from Air Liquide
`3.4.3. Columns (Liege, Belgium; Model DLRS No. 7) connected in

The packing material was filled into a coiled Pyrex series to a flow controller from Brooks (Veenendaal,
tube of L5330 cm, I.D.50.40 cm. The mass differ- The Netherlands; Model 5850 EM). The inlet pres-
ence before and after the packing permitted calcula- sure of the column was measured with a pressure
tion of the mass of the stationary phase in the gauge from Heise (Bassweiler, Germany; Model
column. Two columns were prepared with pure 710B) with a precision of 61 mbar. Inlet pressures
SOH: 0/1a and 0/1b and with a 1:1 mixture of never exceeded 1.5 bar, and it was assumed that
C –SOH: 1/1a and 1/1b, one column was prepared gas-phase imperfections were negligible. The outlet78

with each of the mixtures of 1:3 and 3:1. Columns (atmospheric) pressure was measured with an accura-
were stored filled with argon. cy of 60.1 mbar by a digital barometer from

Almemo (Holzkirchen, Germany; model 2290-3)
3.5. Apparatus equipped with a pressure transducer with temperature

compensation (Model FD 8214). At the system
For details see Ref. [1]. In summary: for the outlet (ambient pressure and temperature) the carrier

determination of absolute retention data a modified was first passed through a short column filled with
double-column gas chromatograph from Packard wet cotton then the flow rate of the saturated carrier

3 21(typically 10 cm min ) was measured by using a
soap film flow meter. Chromatograms were recorded
with an integrator from Hewlett-Packard (Palo Alto,Table 3

Characteristics of the chromatographic columns used in the CA, USA; Model 3390A) and the retention time was
apresent project determined at the peak maximum. Fig. 4 shows a

† typical gas chromatogram of primary alcohols ob-Column, w w PSOH L L

C –SOH (g) (%, m/m) tained on SOH as stationary phase.78

0 /1a 1 1.842 6.06
0/1b 1 3.137 8.54 3.6. Retention data
1/3 0.257 2.277 7.56
1/1a 0.491 1.837 5.95 The retention time of neon was used as the hold-
1/1b 0.495 3.350 10.70

up time for the calculation of net retention times.3/1 0.762 2.320 7.75
The overall reproducibility of the retention volumea †Symbols: w is the volume fraction of SOH at 1308C in theSOH of neon was better than 1% and was not affected byL5C –SOH mixture, w is the mass of the stationary liquid in78 L
the amount of the gas injected. Retention data of thethe column and P the mass percent of L in the total packingL

n-alkanes were measured on all columns between 90material (liquid loading: 100w / total mass).L
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determined at seven temperatures between 90 and
2108C at 20 K intervals. Every working day n-
alkanes with z55–14 were injected on both col-
umns. Specific retention volumes were determined
and converted to gSPOTs (Eqs. (4) and (1)), i.e., the
ideal gas phase as reference. With the aid of gSPOTs
on the stationary phase A from Refs. [1] and [5]
these data were then corrected to give aSPOTs as
indicated in Eq. (2). At the end of the project period
the average of the daily results was calculated (see
Ref. [4]) and data for C (w 50.0) were in-78 SOH

cluded. The latter are obviously zero at all con-
ditions. The final data set of the average aSPOTs of
six n-alkanes, C H with z56–11, at sevenz 2z12

temperatures on the three stationary phases with
w 50, 0.5 and 1 gave a data table with 336375SOH

126 data points (data for pentane were based partly
on too short chromatograms). This basic data table
was used for the variance analysis to determine the
influence of the factors T (temperature), L (liquid

Fig. 4. Example of a typical gas chromatogram of a mixture of phase composition) and Z (carbon number of the
primary alcohols on the packed column No 0/1a (see Table 3)

n-alkane) on the standard chemical potential differ-with the C secondary alcohol, SOH, as stationary phase.77 A–Pences of n-alkanes, —D m .Experimental conditions: column temperature: t 5130.28C; mo- zc

The result of the variance analysis is shown inbile phase: helium; quantity of mixture injected ¯0.3 ml.

Table 4. The analysis refers to the description of the
experimental space by the multilinear Eq. (17),

(i )and 2108C at 20 K intervals. Retention indices of the where P an orthogonal polynomial of the degree iX

158 molecular probes were determined on the col- (1 for linear, 2 for quadratic, etc.) related to the
(i )umns 0/1a and 1/1a by using in the calculations the effect X5T, L or Z. b denotes the correspondingX

net retention times of the n-alkanes measured under regression coefficient:
the same conditions on the same working day.

A–P (1) (1) (1,1) (1) (1) (1,1) (1) (1)—D m 5 b P 1 b P P 1 b P Pz L L L,Z L Z T,L T L

(1,1,1) (1) (1) (1) (2,1) (2) (1)
1b P P P 1 b P PT,L,Z T L Z T,L T L
]]]]]

(2,1,1) (2) (1) (1) (2) (2) (2,1) (2) (1)4. Results 1 b P P P 1 b P 1 b P PT,L,Z T L Z L L L,Z L Z

(1,2) (1) (2) (1,2,1) (1) (2) (1)
1 b P P 1 b P P P (17)4.1. Standard chemical potentials of the n-alkanes T,L T L T,L,Z T L Z

As explained in the Introduction, chromatographic It is seen in Table 4 that the residual variance in
data of all molecular probes were determined relative the subspace TL (first res.) is significantly higher
to those of the n-alkanes. Hence, on the quality of than the residual variance after deduction of all
the gSPOT data of n-alkanes depended the quality of significant contributions. In fact, a higher error is
absolute data listed in Table 5. Therefore, for this introduced by adjusting a new temperature or by
specific group of solutes gSPOTs were determined working with a new column compared to the error
with special care by the following procedure. between a series of n-alkanes included in a same

The chromatograph was equipped with two col- chromatogram. Consequently, effects in the TL sub-
umns one with pure SOH (w 51) the second space were tested against what is called the ‘‘firstSOH

prepared with a SOH–A (1:1) mixture (w 50.5) res.’’ and the remaining effects against the ‘‘secondSOH

as stationary phase. Gas chromatographic data were res.’’ (cf. the analogous variance analysis in Ref.
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Table 4
A–P aVariance analysis of aSPOT data, —D m , of n-alkanes in SOH–C mixtures at 126 combinations of the levels of the factors T, L and Zz 78

(i )Source SQ F V 9 F Significance level b FunctionX

(%)
X (i)

†,A¯—D m (0) 24.675 Dm0

25 AT (1) 2391.04 1 2391.04 99.84 1.82?10 22.178 DS0
A(2) 88.62 1 88.62 3.70 7.66 0.242 DCP,0

(res. T* 164.27 4 41.07 1.71 20.76)

211 †,PL (1) 19 965.51 1 19 965.51 833.65 3.55?10 15.417 —D m0
211 †,A–P(2) 21 598.40 1 21 598.40 901.83 2.11?10 227.774 m0

(res. L* 0.0 0 – – –)

25 PTL (1,1) 2207.95 1 2207.95 92.19 2.88?10 22.563 —D S 0
A–P(1,2) 149.68 1 149.68 6.25 2.66 21.156 s0

P(2,1) 73.84 1 73.84 3.08 10.28 0.271 —D C P,0

(res. TL* 147.08 9 16.34 0.68 71.51)

bFirst res. (5oX*) 311.34 13 23.95

255 †,AZ (1) 2421.90 1 2421.90 1248.62 7.97?10 2.567 dmz

(2) 10.89 1 10.89 5.61 1.98 0.052
(res. Z** 44.35 3 14.78 7.62 0.01)

ATZ (1,1) 17.92 1 17.92 9.24 0.31 0.110 dSz
29 A(2,1) 112.45 1 112.45 57.98 1.84?10 0.160 dCP,z

(res. TZ** 62.76 28 2.24 1.16 29.17)

235 †,PLZ (1,1) 822.49 1 822.49 424.04 5.40?10 1.832 dmz
223 †,A–P(2,1) 396.96 1 396.96 204.65 1.56?10 22.205 dmz

(res. LZ** 28.96 8 3.62 1.87 7.36)

PTLZ (1,1,1) 1.36 1 1.36 0.70 40.49 0.037 dS z
24 P(2,1,1) 46.64 1 46.64 24.04 3.84?10 0.126 dC P,z

A–P(1,2,1) 15.73 1 15.73 8.11 0.54 20.219 dsz

(res. TLZ** 50.15 57 0.88 0.45 99.93)

cSecond res. (5oX**) 186.21 96 1.94
a Every datum is the average of 10–35 experimental determinations. The factors relate to temperature, T, (90, 110, 130, 150, 170, 190,

2108C), composition of the stationary liquid, L, (w 50, 0.5, 1.0) and the carbon number of the n-alkane, Z, (6, 7, 8, 9, 10, 11) to give aSOH
(i ) A–Pdata set at 733365126 experimental conditions. Symbols: X is the systematic polynomial variation of —D m , on the effects T, L and Z;z

the subscripts in parentheses refer to the degree of the polynomial: (1) linear; (2) quadratic; SQ is the sum of squares, F the number of
degrees of freedom, and V 95V(res.)1n V(X) is the combined variance to be analyzed by Fisher’s F (n is the number of statistical units inX X

(i )one datum of the subset used for the evaluation of the effect). The values of the coefficients b of the orthogonal polynomial are also listedx

along with the corresponding thermodynamic functions. (For the symbols of thermodynamic functions see the text). The abbreviation ‘‘res.’’
denotes residual variance.

b Sum of the residuals marked by one asterisk.
c Sum of the residuals marked by two asterisks.

[1]). The results in Table 4 indicate that all the terms terms of thermodynamic functions, by developing
A–Pin Eq. (17) are significant with the exception of that the relationship of Eq. (6) for —D m around thez

†underlined. standard temperature, T , by introducing DT5T2
A–P †The aSPOT, —D m , may also be expressed in T , and by approximating the logarithmic functionz
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multiplying DC , by the first two terms of its Taylorp

series and finally, by accepting a linear dependence
of all functions on the carbon number of the n-
alkanes, z, as follows:

A–P †,P †,A–P—D m 5 w ? —D m 1 ms dz P 0 0

†,P †,A †,A–P
1 w z ? dm 2 m 1 dms dP z z z

P P A
2 DTw —D S 2DTw z ? dS 2 dSs dP 0 P z z

]]]]]]
2 P †

2 DT w —D C /(2T )P p,0

2 P A † 2 †,A–P Fig. 5. An example of the dependence of the standard chemical2 DT w z ? dC 2 dC /(2T ) 2 w ms dP p,z p,z P 0
potential difference, aSPOT, of an n-alkane in SOH–A mixtures

2 †,A–P 2 A–P 2 A–P as a function of the volume fraction of SOH, w : octane (z58)SOH2 w zdm 1 DTw s 1 DTw ds (18)P z P 0 P z
at T590.01273.15 K.

(i )The relation of the coefficients, b , to thermo-X

temperature dependence may be described by Kirch-dynamic functions is listed in the last column of
hoff’s approximation:Table 4. The nonsignificance of the underlined term

in Eqs. (17) and (18) is interpreted in terms of
C –SOH SOH SOH78—D m 5 w ? —D H 1 zdHhs dthermodynamic functions: there is no difference z SOH 0 z

between the entropy term of the ‘‘methylene incre- SOH SOH
2 T ? —D S 1 zdSs dP 0 zment’’, dS , on the stationary phases C and SOH.z 78

SOH SOH † †In the analysis of variance the term corresponding 1 —D C 1 zdC ? T 2 T 2 T ln (T /T )f gs d jp,0 p,0
C –SOH78to the quadratic dependence of —D m on liquidz (19)

phase composition was found to be significant. It
indicates that the dependence of the aSPOT on L

The resulting regression coefficients in Eq. (19)(i.e., on w ) is not linear. From a thermodynamicSOH SOH 21 SOHare as follows: —D H 591.05 cal mol ; dH 5viewpoint the sense of the observed curvature is not 0 z
21 SOH 21 217.39 cal mol ; —D S 50.1876 cal mol K ;logical. Hence we supposed that the apparent diver- 0

SOH 21 21 SOH
dS 50.0099 cal mol K ; —D C 53.196 calgence from linearity was due to measuring errors z p,0

21 21 SOH 21 21(61%) and the restricted data set analyzed. There- mol K ; dC 520.503 cal mol K . Eq.p,z

fore, two additional columns were prepared with (19) was used for the calculation of the thermo-
C –SOH mixtures of volume ratios w 50.25 and dynamic parameters for n-alkanes (—D H, —D S, —D C ),78 SOH p

0.75 (1:3 and 3:1, see Table 3). On these columns a listed in columns 20–22 of Table 5, where it was
series of gSPOTs of n-alkanes were measured at a supposed that the regression equation permitted
restricted number of temperatures. Fig. 5 illustrates extrapolation for lower (z55) and higher (z512–14)
the example of octane at 908C that the dependence of n-alkanes.

C –SOH78—D m on composition may be considered as Data for the ideal dilute stationary phase, idSOH,z

linear. were calculated as follows. Using the coefficients
C –SOH78The complete aSPOT data set, —D m , of the listed in Table 5 together with the molar volume ofz

idSOHn-alkanes (C H with z56–11) on three C – SOH (Eq. (16)) the slope, —D 9m , was calculatedz 2z12 78 z

SOH mixtures and at seven temperatures was now with the aid of Eq. (9), for 10 K intervals in the
approximated by a thermodynamic function justified temperature range 90–2108C for a given alkane with

C –SOH78by the results of the variance analysis. A multiple m 50. Equations analogous to Eqs. (5a) andz
idSOHregression was performed by assuming linearity of (5b) were fitted to the points —D 9m of eachz

the thermodynamic functions of n-alkanes with alkane. The resulting regression coefficients, (—D 9H ,z

carbon number and solvent composition and that the —D 9S , —D 9C ) are given in columns 25–27 of Tablez p,z
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Table 5
Retention indices and thermodynamic data for 152 solutes in pure SOH and in an ideal dilute solution of SOH in the standard alkane

aA5C78

a The reference data for pure C were taken from Ref. [5]. The symbol n denotes the number of data points used for regression.78

Constants and functions: Y, preceded by —D refers to the reference state in C , i.e., —D Y(P)5Y(P)2Y(C ); —D 9 values are for an ‘‘ideal78 78
†dilute solution’’ of SOH. Retention indices: I is the retention index at the reference temperature T 51301273.15 K; for the meaning of130

†the coefficient, A, see Eqs. (12)–(14). Thermodynamic functions: H and S are partial molar enthalpy and entropy at T , C is the mean
partial molar heat capacity in the temperature range indicated; for the meaning of the coefficients h and s see Eq. (7). Errors: the symbol s

is the standard deviation around the regression, Data marked by the superscript, s, are significant at the 10–15% significance level if tested
against s. Data marked with one asterisk are at the 15–20% significance level, those marked by a double asterisk are under this limit. Note
that linearity of the thermodynamic functions (—D H, —D S, —D C , —D 9H, —D 9S, —D 9C ) of n-alkanes with carbon number and solventp p

composition was imposed by the regression function. This is the reason for the relatively high standard deviation given for the standard
chemical potential of n-alkanes around the regression.
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5. For comparison, in Table 5 are also included the and (22):
thermodynamic data of n-alkanes on pure C from78 C78dm 5 2 510.5(62.6) 1 1.238(60.008)DTzRefs. [1] and [5].

2
2 0.00244(60.00007)DT (21)

4.1.1. Numerical values
SOH

dm 5 2 509.6(63.3) 1 1.238(60.008)DTStandard chemical potentials, gSPOTs, of n-al- z

kanes (C –C ) in the system C –SOH can be 25 14 78 2 0.00184(60.00040)DT (22)
represented as a quadratic function of DT, and a
linear function of z and w by Eq. (20):SOH Similarly, aSPOT data for n-alkanes in the ideal

21C –SOH78 stationary phase ‘‘idSOH’’ at [SOH]51 mol l canDm 5 3465.8(625.4) 2 510.49(62.60)zz
be given as a function of DT and z by Eq. (23):

1 9.712(60.076)DT
idSOH

2 D9m 5 3488.7(63.3) 1 9.46(60.29)DTz1 1.2379(60.0077)DTz 1 0.0043(60.0007)DT
2

2 2 0.0017(60.0056)DT2 0.00244(60.00007)DT z 1 18.3(66.2)wSOH

2 505.9(60.9)z 1 1.230(60.030)DTz
1 0.88(60.68)w z 2 0.276(60.027)DTwSOH SOH

2
2 0.00145(60.00057)DT z (23)2

2 0.0032(60.0029)DT wSOH

2
1 0.00060(60.00033)DT w z (20) The corresponding ‘‘methylene increment’’ can beSOH

calculated by Eq. (24):
The partial derivative of Eq. (20) with respect to idSOH

d 9m 5 2 505.9(60.9) 1 1.230(60.030)DTzthe variable z is the ‘‘methylene increment’’. Its
2value at w 50 and w 51 is given by Eqs. (21) 2 0.00145(60.00057)DT (24)SOH SOH
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4.2. Solution data of solutes other than n-alkanes 4.2.2. Thermodynamic data
For a given solute, j, experimental retention

4.2.1. Retention indices indices were converted one by one to standard
Retention indices of a given molecular probe were chemical potentials by using Eq. (10) and thermo-

determined at temperature intervals of 20 K in the dynamic data for n-alkanes calculated with coeffi-
temperature range indicated in Table 5 on pure SOH cients listed in Table 5. The resulting gSPOTs,

C –SOH78(w 51) and a C –SOH (1:1) mixture (w 5 Dm , were analyzed by multiple regressionSOH 78 SOH j

0.5). Retention data of the same solutes for the pure using Eqs. (5)–(7). Coefficients of Eqs. (5b) and (7)
stationary phase C from Refs. [1] and [5] permitted are given in columns 17–21 of Table 5. Finally,78

idSOHcalculation of the coefficients in Eqs. (13) and (14) aSPOT values for the C –SOH system, —D 9m ,78 j

by linear regression. If the quadratic term —D A was were calculated for each solute by following theTT

not significant even at the 20% significance level, a same procedure as described for n-alkanes, using Eq.
idSOHsecond regression was performed without the quad- (9). Regression of —D 9m as a function of T gavej

idSOH idSOH idSOHratic term. The fitted coefficients are presented in the coefficients —D 9H , —D 9S and —D 9C ,j j p, j
columns 7–11 of Table 5. The regression coefficients presented in columns 25–27 of Table 5.
of Eqs. (13) and (14), the molar volume of SOH and
the value of k (evaluated using Eqs. (21) and (24)) at
10 K intervals were used in Eq. (15) to calculate the 4.2.3. Interconversion of thermodynamic data

idSOHvalues —D 9I at every nominal temperature in the referring to different reference states
experimental domain. Quadratic regression of The relationship between standard chemical po-

idSOH L—D 9I values with temperature resulted in the tentials related to the molal Henry coefficient, Dm ,j

coefficients —D 9I , —D 9A and —D 9A given in and those related to the distribution coefficient,130 T TT
(D)LTable 5. Dm , is given by:j
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L (D)L 21
Dm 2 Dm 5 RT ln RTr /(atm kg mol ) alkanes are slightly different in the isomorphous,f gj j L

isochor stationary phases due to differences in(25)
dispersion interaction forces between the interacting

where r is the density of the stationary liquid. A group and the n-alkane and due to the structure ofL
L (D)Ldata set, Dm 2Dm , was generated at 10 K the stationary phase by the presence of the polarj j

intervals in the temperature range 90–1208C for the interacting groups. A datum expressed as retention
three solvents of the C –SOH system (w 50, 0.5 index will also be corrected for such differences.78 SOH

and 1). Densities at 10 K intervals for pure solvents Because of these advantages retention data will be
were calculated using Eq. (16) with coefficients discussed in the following in terms of retention
given in Table 2. For density estimation of mixed indices. The difference between the retention index
solvents the ideal mixing rule for molar volume was on a polar stationary phase and the standard alkane

P P C78applied. By fitting Eqs. (5)–(7) to the resulting will be designated as the DI value, DI 5I 2I , ofj j j

density data set, the necessary corrections were the solute in question. The difference between the
obtained for the thermodynamic parameters, which retention index of the solute, j, on a hypothetical
are listed at the end of Table 5. stationary phase with ideal dilute polar interacting

idPgroups, I and the standard alkane will be desig-j
idP idP C78nated as the —D 9I value, —D I 5I 2I , of thej j j

5. Discussion solute. Let us recall, that the calculation of the —D 9I
value implies knowledge of the retention index on at

In the family of our isomorphous, isochor station- least two stationary phase mixtures, e.g., on pure P
ary phases the stronger retention of a molecular and on an A–P (1:1) mixture. Consequently, the
probe on a polar solvent as compared with that on double amount of experimental effort must be in-
the standard alkane is a measure of the additional vested for the determination of —D 9I values as
interaction of the PIG with an adhering zone of the compared with the determination of DI values.
probe. (The corresponding aSPOTs are designated by Our project aims at the prediction of partition data
—D m). This is also true in the case of data obtained of molecular probes in any solvent based on data
on the stationary phase with the standard alkane published in Parts I–VI and in the present Part VII.
substituted by a secondary hydroxyl, SOH, and the Therefore, we put forward the question, whether the
isomorphous, isochor stationary phase POH with
primary hydroxyl as substituent. The weaker addi-
tional interaction energy between a molecular probe
on SOH (secondary hydroxyl) as compared with
those on POH (primary hydroxyl) is certainly due to
steric hindrance. On both stationary phases we
dispose of data on the pure stationary phases, which
may be considered as a 0.7 M solution of the
hydroxyls as well as on a 1 M ‘‘ideal’’ stationary
phase. The interacting groups of the hypothetical,
ideal phase are in an ideal dilute state, i.e., they
interact with the molecular probe but not with each
other. (The corresponding aSPOTs are designated by Fig. 6. —D 9I values at 1308C on the ideal dilute SOH stationary
—D 9m). phase as a function of the analogous data on the ideal dilute POH.

Retention (partition) data may also be given by Data points: s: isoalkanes; d: cycloalkanes; ,: alkenes, alkynes,
aromatics; .: haloalkanes, halobenzenes; h: 1-cyano- and nitro-interpolation between fixed points which are marked
alkanes; j: 1-acetoxy-alkanes, aldehydes, 2-alkanones, ethers,by the gSPOTs of the n-alkanes, i.e., as retention
1,4-dioxane, THF, cyclopentanone, cyclohexanone; n: amines; m:

indices. The main advantage of the retention index is 1-alkanols, 2-alkanols, 2-Me-2-alkanols, cyclohexanol; ♦:
a small temperature dependence contrary to that of pyridines; x: others. The solid line is the trace of the correlation
SPOT data. Furthermore, the gSPOTs of the n- function given in Eq. (26).
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such a phase, i.e., the DI value is smaller, hence the
error compared to the effect is higher.

Fig. 6 plots —D 9I values in the ideal dilute SOH
stationary phase as a function of those measured on
the POH phase at 1308C. There is a highly signifi-
cant linear dependence between the data for the
solutes (n5139) where data were available for both
stationary phases. The linear correlation function is
given in Eq. (26):

idSOH idPOH—D 9I 5 1.59(60.97) 1 0.562(60.014)—D 9I130 130

(26)

The correlation coefficient is r50.962. The con-
stant in Eq. (26) is not significantly different from
zero. The value of the slope differs significantly from
unity (0.562,1.0) at a confidence limit ,,0.01%,
indicating that the general effect of steric hindrance
on retention data measured on SOH is highly signifi-
cant. The specific information on steric hindrance of
a given solute is obviously the deviation from the
general trend. The standard deviation of s 567.2
index units around the correlation is significantly
higher than the experimental error of s ¯62). Hence
such a deviation may be interpreted as solute-specific
information.Fig. 7. (a) Ratio of the additional retention of solutes at 1308C on

the ideal dilute and on pure SOH stationary phase expressed on Fig. 7 plots ratios of the —D 9I value on the ideal
the retention index scale as the ratio —D 9I /DI as a function of thej j SOH phase and the —D I value of the molecular probe
additional retention on the ideal dilute phase: —D 9I . Symbols as in idSOHj on the pure stationary phase SOH: —D 9I /130Fig. 5. The dotted line is the trace of the ratio of the concentration SOH—D I as a function of the —D 9I values at 1308C. Ifof the interacting group, SOH, in the ideal phase ([PIG]51) and 130

the ‘‘solution’’ of the secondary hydroxyls in thethe melt of SOH (1.4251/0.72). (b) Part of (a) without the outlier
data point of azulene (enlarged). stationary phase was ideal this ratio should be equal

to the ratio of the SOH concentrations in the two
phases, i.e., 1 / [SOH]. The hydroxyl concentration in

21data set determined on the stationary phase SOH the pure SOH melt is 1000/v mol l . Using theSOH

gives new information or not. New information value listed in Table 2 for the molar volume of SOH
would mean that data on SOH have no correlation at 1308C, v , the value of the ratio is 1.4138SOH

with formerly published data sets. As there must be a indicated in Fig. 7 as a dotted line. In the plot of Fig.
correlation with data on the stationary phase with
primary alcohols, POH we hope that this correlation

Table 6
is not perfect. The second question is of economic Increments for the calculation of —D 9I values of alcohols on the
nature. In fact, we hope that the use of ‘‘ideal’’ data stationary phases idSOH and idPOH
is not necessary because of the additional work.

Methanol–methanol (basic value) 1176
Hence, we hope that there is a possibility permitting
calculation of —D 9I values based on DI values Substituents:

Methyl (C ) 29determined on the pure stationary phase, SOH or on 1

C 2152the 1:1 mixture. Obviously, a diluted phase is closer
,C 2362to the ideal dilute state but the additional retention on
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7 large deviations from this value are observed in the DI values of pyridine derivatives were plotted as a
idSOHdomain of 25,—D 9I ,15, i.e., in the domain function of the pK of the conjugate acid. In addi-130 a

where the —D 9I values and the experimental error are tion, we could not propose an increment system for
of the same order of magnitude. For other solutes the the calculation of the individual data. In fact, alkyl
behavior of the pure stationary phase may be consid- substitution has certainly a serious effect on the
ered as a nearly ideal dilute solution of SOH groups. polarity of the ring besides a steric effect. As an

On the basis of this discussion, the information example, the ‘‘steric hindrance’’ of the nitrogen by
content of the SOH data set may be useful for the a-methyl groups as shown by the DI values on SOH
prediction of partition data. This will be the subject is contrary to expectation: pyridine: 161; a-
of our last report. methylpyridine: 163; a,a-dimethylpyridine: 173.

It is now interesting to consider a special group of
molecular probes, the alcohols. The ‘‘adhering zone’’
of this group of solutes is the same as the ‘‘polar
interacting group’’ of the two stationary phases, POH 6. Nomenclature
and SOH. Some decades ago it has been proposed
[10] that the DI value of an ‘‘adhering zone’’ can be Stationary phases (solvents)
calculated as a sum of a basic value of a sterically L Any stationary liquid
unhindered compound and negative increments for member of the isomorphous,
substituents of the basic compound. Unfortunately, in isochor family or a mixture
our data base —D 9I values of small alcohols such as of them
methanol, ethanol, etc., are missing (too short re- A;C The reference alkane 19,24-78

tention in the experimental temperature domain). dioctadecyldotetracontane,
Nevertheless, it is interesting to note that the incre- C H78 158

ments listed in Table 6 permit calculation of the —D 9I P A polar member of the
values of the alcohols on both stationary phases POH family
and SOH. Following Table 6 the solute methanol in A–P Mixture of A and P
a hypothetical stationary phase which a 1 M solution SOH and POH P having secondary and pri-
of nonvolatile methanol (as polar interacting group) mary interacting groups
would have a —D 9I value of 1176. For C and higher Superscripts meaning ‘‘in’’3

primary alcohols we calculate in POH a —D I value of L, A, P, A–P, The last symbol:
117623623651104. (exp. 99–105); and in SOH SOH, POH, ideal dilute solution of
a —D I value of 11762362362365168 (exp. 64– idPIG polar interacting groups
72). In the case of cyclohexanol it was proposed in Subscripts meaning ‘‘of’’
Ref. [10] to consider the steric hindrance of the L, A, P, A–P, Further of the solute j and
secondary alcohol to be similar to that of ‘‘dimethyl- SOH, POH of the n-alkane solute z
methanol’’ (i.e., 2-propanol) with a —D I value on Acronyms
POH equal to 1176236292951128 in addition SPOT Standard chemical potential
to the effect of the ‘‘cyclohexane adhering zone’’ to difference of j between the
give 128165132 (exp. 113). The same compound ideal dilute solution and a
on SOH is 132236596 (exp. 68). The system of second reference state
increment additivity does not work for the interaction gSPOT Second reference is the ideal
between highly substituted species: the —D I value of gas state at 1 atm
two tertiary alcohols with long alkyl substituents aSPOT Second reference is the ideal
would be 11762(6336)5240. dilute solution of j in A

An interesting group of molecular probes is that of idSPOT First reference is the ideal
the pyridines. These compounds have been included dilute solution of j in a 1 M
as molecular probes as an example of Brønsted ideal solution of PIG, sec-
proton acceptors, which are at the same time hydro- ond reference the ideal di-
gen bond acceptors. No correlation was observed if lute solution of j in A
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21 21PIG The polar interacting group R (cal mol K ) The universal gas constant
3 21or R (cm atm mol )of L

23
r (g cm ) DensityidPIG The polar interacting group

21 21s (cal mol K ) Entropic coefficient in Eq.of L at ideal dilution
(7)Symbols (dimension)

21 21
DS (cal mol K ) Partial molar entropy differ-A (div.) Coefficients in Eqs. (12)–

ence(14)
21 s (div.) Standard deviationa (K ) Isobaric coefficient of ther-

†T and T (K) Temperature and standardmal expansion
temperatureB5(1 /2) Temperature coefficient of

22 T ‘‘Factor’’ in the variance(da /dT ) (K ) thermal expansion, a
21 21 analysis of Table 4 referringDC (cal mol K ) Partial molar heat capacityp

to the temperaturedifference
3 21v (cm g ) Specific volumed Difference between the

3 21V (cm g ) Specific retention volumegproperty of two substances
w (g) Mass of the stationary phasein the same solvent
z (–) Carbon number of the n-al-D (div.) Confidence limit at the 95%95

kane C Hz 2z12confidence interval
Z ‘‘Factor’’ in the variancef (–) Factor to give the standard

analysis of Table 4 referringdeviation of a coefficient by
to the effect of z.multiplication of the stan-

dard deviation around the
regression
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