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SUMMARY

The equilibrium constants for hydrogen bonding of a series of f-substituted
alcohols with a number of monofunctional hexadecyl derivatives and dioctyl com-
pounds have been measured by gas chromatography. For ethanol, propanol and
butanol, the enthalpy and standard entropy of hydrogen bonding have also been de-
termined. An analysisis presented on the precision and the accuracy of the data. The
acceptor strengths of the proton acceptors are compared on the basis of the enthalpies
and standard entropies of hydrogen bonding, and a comparison is made of the
enthalpies of inter- and intra-molecular hydrogen bonding with the same proton-
acceptor group. The influence of the substituents in the alcohols on the values of the
association constants is investigated; evidence is presented for a mesomeric substituent
effect, probably caused by intra-molecular hydrogen bonding in the substituted al-
cohols. It is shown that the effect of intra-molecular interaction of two substituents
on partition equilibria is, formally, fully analogous to the effect of intra-molecular
interaction between a substituent and the reaction centre on chemical equilibria. By
using the mathematical technique of factor analysis, it is shown that the factors govern-
ing substituent effects on both types of equilibria are closely related.

INTRODUCTION

The potentialities of gas chromatography (GC) as a method of determining
complex association constants have been surveyed by Purnell! in a classical paper.

One of us has described a method for the determination of association constants
from GC data, wherein the involved equilibria are represented rigorously in terms of
activities, and wherein a reference solute is used? This has the advantages that activity
coefficients partially cancel and that only relative retention volumes are required.

* Present address: Department of Chemistry, Potchefstroom University, Potchefstroom,
South Africa.



64 C. L.. DE LIGNY et al.

This method has now been applied to the study of hydrogen bonding between a series
of fB-substituted alcohols and a series of monofunctional hexadecy! derivatives and
dioctyl compounds. This study forms part of a research programme aimed at giving

more insight into the effect of inter-molecular interactions on chromatographic sepa-
rations.

THEORY

Comparison of various methods for the determination of complex association constants

Hitherto, the most frequently applied methods for the determination of com-
plex association constants of organic complexes are spectroscopy in the infrared (IR),
ultraviolet (UV) and visible regions and nuclear magnetic resonance (NMR) spec-
troscopy.

As there is close analogy between spectroscopic, GC and electrophoretic meth-
ods of investigating complex association, a brief comparison of the principles of these
techniques is of interest. (More elaborate comparisons were presented by Eon and
Guiochon?® and by Martire*, and a critical review on GC studies of complexing re-
actions has been given by Wellington5,

The simplest case of complex association can be represented as follows:

A 4+ B=AB
The equilibrium condition is:

JaJs ’ XA
K—S—=K = —— 1
Jau XaXy . ()

where K is the association constant, f is the activity coefficient and x is the mole
fraction.

To find K, some property (R) of the solution of A, B and AB in the solvent S
must be measured, e.g., its absorbance. Usually, this property is additively composed
of contributions of A, B and AB, but, by choosing appropriate experimental condi-
tions, e.g., the wavelength of the incident light, the contribution of one of the compo-
nents (B, say) can be made to vanish. Customarily, this component is used in excess

so that its concentration is not appreciably changed by complex association and hence
is known. It then holds that:

. S _Xaw a1 Kxn
R = RA Xa+Xan F RAB XA+ Xam - RA l'l"K'.\'u 4 RAB l-}—K’xu

The first problem is the calculation of K’ from the observed value of R; for
this, R, and R,y must be known.

In NMR®%7, R is the chemical shift, R, being the value of R for a solution of
A alone. If A shows strong self-association, as in the case of alcoholsinapolarsolvents,
measurements must be performed on very dilute solutions of A; in view of the limited
sensitivity of the technique, this can present serious difficulties. The value of R,y is
obtained from measurements at high concentration of B. In making these measure-
ments, the composition of the solvent is changed, and this may cause secondary effects.
Thus this method has several disadvantages.

(2)
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In electrophoresis, R is the electrophoretic mobility. The method is comparable
with NMR, but few authors have used it®—!2,

Optical spectroscopy’ ' usually presents a more favourable case. The fre-
quency shifts that appear in the IR spectrum on hydrogen bonding, or in the elec-
tronic spectrum on charge transfer, are often so large that a wavelength can be selected
at which the complex AB does not absorb. This eliminates the need for measure-
ments at high concentration of B, i.e., at a changed solvent composition.

In GC it holds?, to the same level of approximation as used in the foregoing,
that:

V¥ Va* 1
( ’2\ )(s+u) =( ’2\ )(5) 14-K'xy 3

where V is the retention volume, corrected for gas hold-up in the apparatus, at the
mean column pressure and the column temperature, and A* is a solute that is closely
related to A but does not form a complex. A and A* are eluted from columns, the
stationary phase of which consists of the solvent S or a mixture of S and the complex-
forming compound B.

Comparison of eqns. 2 and 3 shows that, in GC, R and R, represent a relative
retention volume, and that R, = 0. This simple result shows that GC is one of the
best methods for determining complex association constants.

Gas chromarographic determination of complex association constants
At a higher level of approximation?, the left-hand side of eqn. 3 is multiplied

by F = (fa*/faks+ny (Salfa*Xs)-

Algebraic manipulation then gives:

v Vo> - Jati
{( V:’" )(s+m ' ( '2\ )(S)' = l}xﬂl ——K( fAA:

In the general case, where A, A* and B have a dipole moment, the calculation
of F is beyond the reach of theory. However, in the present case, F can be estimated
empirically as follows. Littlewood!* has shown that, for alkanes (alk) and polar solutes
(pol) dissolved in hexadecane S or a monofunctional hexadecyl derivative B, the
relationship holds that

Q)

)(S+ B)

.fulk(ﬂ) R fnol(S)
./ulk(S) jpol(n)

= ry, &~ exp. (Aupt’po1) (5

where r, is the symbol used by Littlewood, @ and b are constants and s is the dipole
moment.

From a statistical analysis of Littlewood’s data it follows that @ = 0.029 and
b = 1.47.

When eqn. 5 is applied to the polar solutes A and A%, then

Jas . Sa%m
: . = F a exp. 0.029 1.47 1.47 (6
Jamy ot P- He (WA Ha )

It follows from eqn. 5 that, for polar solutes A and A* in hexadecane and polar
hexadecyl derivatives, F is governed by the dipole moments of A and A*. As the cal-
culation of the correction factor (F) by eqn. 6 is only an approximation, it is advan-
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tageous to choose a reference solute (A*) having about the same dipole moment as A.
In the present study, alkyl chlorides were used as reference solutes for the investi-
gated alcohols. The dipole moments of alcohols and alkyl chlorides are about 1.70
and 2.05 D, respectively?!®,

We further assumed that eqn. 6 was also applicable to mixtures S+ B by multi-
plying the exponent by xy, and to bifunctional polar solutes, with uL87 = pl47 - 147,
where 4, and u, are the individual group dipole moments. That is, it was assumed that
the two polar groups do not interact mutually.

The next stép is the choice of a reference state in which the activity coefficients
are by definition equal to 1, and the extrapolation of the right hand side of eqn. 4,
determined for a range of mixtures S+4-B, to this reference state. In this way, the ther-
modynamic association constant in the chosen reference solvent is found. A plausible
reference solvent is pure S or pure B, the former being the best choice from the theo-
retical point of view. Association constants with a range of B reactants can be compar-
ed, as they are all related to the same reference state, S. Further, it can easily be shown
that an error in the calculation of F (caused, e.g., by statistical errors in the constants
of eqn. 6) has less influence on the calculated value of the association constant in
pure S than in pure B. However, in practice, the latter reference state has the advan-
tage that one may limit oneself to measurements on the stationary phases S and B
instead of making measurements on a range of mixed stationary phases S+ B, as,
by definition:

589, -

In this work, the latter convention was chosen, except when B was hexadecyl
cyvanide; association constants with hexadecyl cyanide were determined both in pure
hexadecane and in pure hexadecyl cyanide.

EXPERIMENTAL

Chemicals

The alcohols A, the corresponding alkyl chlorides used as the reference solutes
A*, the hexadecyl derivatives, dicctyl compounds and 2-pentadecanone (B) and hexa-
decane and octadecane (S) were obtained from Fluka. 2-Fluoroethy! chloride and 2-
methoxyethyl chloride were synthesized from the corresponding alcohols and thionyl
chloride.

Porous Teflon 6 (DuPont, Wilmington, Del., U.S.A.) was used as the support
for the stationary phase in order to minimize adsorption.

Apparatus

A Becker gas chromatograph equipped with a katharometer detector and
stainless-steel columns (2 m X 4 mm 1.D.) were used.

Procedure

To minimize adsorption effects, both at the surface of the support and at the
surface of the stationary phase, a rather large amount of the latter (10-12 9{) was used
(indeed, adsorption could hardly be detected).
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All manipulations with the Teflon were made at a temperature of 3-4°, at
which the Teflon was no longer sticky (probably as the result of a change to another
modification at 8°, as judged by the large heat effect in differential thermal analysis)
and reasonably efficient columns could be packed, having a plate height of 1.5 mm.

It was verified that the relative retention volumes V,/ VA * were independent of
the gas flow-rate.

As also observed by Martire and Ried]'%, the retention volumes of most al-
cohols and some alkyl chlorides showed fairly strong dependence on the sample size.
In our work, the slopes of graphs of retention volume vs. sample size were rectilinear
over the size range 0.05 to at least 0.3 ul, permitting extrapolation to zero sample
size. The slopes seem to be correlated with the difference of the solute boiling temper-
ature and the column temperature.

Measurements were made at 62.6° on all alcohols, and on ethanol, propanol
and butanol at about 40° and 80° also. From the data on the latter alcohols, the en-
thalpy and standard entropy of hydrogen bonding were calculated.

RESULTS AND DISCUSSION
The results are given in Tables I-III.

Precision

From the relative retention volumes for the stationary phases hexadecane and
octadecane in Table I, as well as from a number of replicate measurements, it follows
that the standard deviation of the relative retention volumes is about 1 9. This results
in a standard deviation of the association constants that decreases with increasing
value of K; for K = 0.3, 0.5, 1,2 and 4, a standard deviation of 5, 3.5, 2.5, 2and 1.5%,
respectively, is calculated.

These values agree with estimates from linear least-squares analyses of the data
on Kfa fulfas for mixtures of hexadecyl cyanide and hexadecane: the standard devi-
ation of a single determination in pure Bis found to be 2.8, 1.7 and 1.7% for K == 1,
2 and 4, respectively.

From the temperature dependence of the K values of ethanol, propanol and
butanol, an average standard deviation of a single determination of K of 4.59% is
found.

The association constants for hydrogen bonding with hexadecy! cyanide are
based on least-squares analyses of data for mixed stationary phases S+-B and for pure
B. In the solvent hexadecyl cyanide, they are more precise by a factor of about 1.2
than single determinations. In the solvent hexadecane, they are less precise by a
factor of about 1.3 than single determinations in pure B, because of the involved
extrapolation,

The standard deviations of the values of the enthalpy and standard entropy of
hydrogen bonding in Table III are equal to 0.2 kcal mole~! and 0.6 cal mole~* deg~!,
respectively.

Accuracy
In our opinion, the accuracy of the ratio of relative retention volumes in eqn.
4 is about equal to its precision. However, the coeflicients in eqn. 6 (and, therefore,



C. L. DE LIGNY et al.

68

*3UOING-}-010[Y2-€ 2,V ANJOS WUAIYY
"spunodiuod paje[a1 UO BJEP WO PIIBINSI 1O Gf *J2I W0y sjudimows jodicy

000TL60 €It 671 et 6’1 Wy 8Lt 88T LET €8T 9T amwelAypaAI0Iq
1007260 180 €1 6T se'l ILO €07 660 80 960 ¥60 160 pydinsip (o1
000F€60 0T T 191 ol g0 8€1 I€T 9T 9t €t L0 apiydns [£1001q
1007060 81 e €T 97 €01 WT 9T ST <61 L8181 U0y 14101
000560 9T1 LIt €01 907 60 <81 L1 ST ST IST Sl e [Apoiq
1007880 <1 av L6C SI't 8T 99C T 9I't 60T €0 SUOUERPEII]-T
woreso 81 L9¢ L€} %7 O£ T LT TCT S61  SIT O WT apiueAd [A33pexaH
sI00FL80 ST €€ 1t 6vc 10T iy tc 91t oLl 181 awr  SL1 (%$°SL) apwuehd Aaspexal
100+160 67’1 6T 18%6 10T 91 160 (81 €1 Wl S Wi 8l (%T°05) ap1ueAd j£30pexaly
D00FS60 860 1T  SOL (19 S 74| Lo se'1 8T 9wl 601 90T 01 (7%69°S7) apiuedd [Aopexa}y
0007860 9L0 LST SS¥ s8It w60 890 90 T60 €80 S80 T80 6L0O (%2°01) apiued [A0pexal
100+260 €80 LI'T 61 Lt 0.0 060 880 080 680 980 ¥8°0 9p1po! [A3apexaH
100+260 880 €1 IS8T L£'1 90 001 L60 980 L60 S60 T60 dpiwoq JA33pexoH
1007160 6.0 001 1971 wl 890 630 L80 LLO0 L8O V80 T80 3pHO[yD [A3apEXaH
100F760 €80 ¥I'T €T 8Tl 690 660 S60 TG 60 060 880 apuony [A3apexsH
990 060 (T L60 A1) 090 890 (90 (90 OL0C 690 S90 JUERPERQ
L90 060 TC1 860 190 890 90 990 OL0 890 S90 JUBPEXIH

J HOS- NO- N= LJHO- 'HO= ‘HJOO0- 8- 1D- d- °HO- ‘H)- H-
HanpIsqng Hasjog
NOILVIA

-0 Q¥VANVIS SLI HLIM 7 “8010V4 NOILDIYY0D FHL ANV ‘979 1V “IAINOTHD TAH1T 0 JAILVAINAA @ILNLILSANS AT
-DNIANOJSTYU0D THL ST »V ANV JAILVAINIA TONVHIT ILNLIISANSY V STV TYTHM +¥4/¥4 INNTOA NOLINFLTY FAILVIIYE

1378VL



69

DETERMINATION OF COMPLEX ASSOCIATION CONSTANTS

“JOYIE} 3y} JO SINJEA MO] JB Bx s ‘Bs(EYfaVyy 10 ydei§ oyl Jo a1meAnd pasunouosd jo J51esaq paejndjed 0N
“OUBIIPEXIY ;JUIN]OS _

L8°€ 6°€l ¥5°T 1 S Y 05t 1S°T IST 65T unwedypwiAog
&0 050 LIt 150 $TO0 990 190 6£0 050 660 TS0 apiydmsip (Avo1q
590 %1 LLS 6L0 w0 61 OI'l 830 8L0 Lo LLo apwydins [Apo1q
| I1€°€ 001 13114 680 S€€  £6CT SO e 0z Uz auo1ay JAnoIq
001 wT 9L YAl €90 881 8Ll 05} | €T Sl 1R JAp01g
861 oy e PI'T 66 05 9T 05C Wwe 8T JUOUBIIPLIUDJ-T
907 €9 - £€°7 or'e 61 oy 8¢ UT 9T Iz  we .op1uek> [£93pexaH
frard (1%4 rAd| 197 (Y4 €61 88°C  8€  €ST we I W apiueAd [A2apexoH
90 G0 690 0 920 S0 Wo o tto 8’0 L£0 170 apipot jAoapexdH
sv'0 190  IS] 0 L£0 90 650 €50 4] IS0 €S0 apiwoIq [A33pexay
0£0 wWo 1o 80 wo S0 o STO 9€°0 0 8€0 3pLIOJYD [A99pEXIH
9’0 60 S60 o 20 090 SSO  SE€0 o wo 1o apuony A59pexsH
oS-  ND- N= HO- HO= HOO- ‘8- - 4 HO- H> K- —
Juamusqng pip 401da2dp uoo1g

“O(4¥1/%4) SE UdNE) SEA UBIIPEIO0 PUB JueIIPEXY Saseyd ASBUOIIES ) J0J ,¥4/¥4 JO SN[eA Ay} JO UeALl JY) ‘SuONEI[Ed 3Y) U]
979 1V STAILVAIYIA TONVHLI GILNLILSEANS-§ 40 SINVISNOD NOILVIOOSSY

131aviL



70 C. L. DE LIGNY et al.

TABLE III
ENTHALPY AND STANDARD ENTROPY OF‘ HYDROGEN BON DlNG
l’raum acceprar aml Value of —AH° Value of —4 S°
solvent (kecal mole=!) when (cal mole=? deg=?) when
R in RCH,CH,0OH is Rin RCH,CH,OH is
~-H -CH, -C,Hys -H ~CH; -C,H;
Hexadecy] ﬁuorlde 1.7 0.2 2.5 6.6 24 9.2
Hexadecyl chloride 1.4 —-0.2 2.2 6.2 1.5 8.8
Hexadecyl bromide 1.9 0.8 2.4 6.5 3.5 8.5
Hexadecyl iodide 1.1 0.8 1.9 4.9 4.3 7.8
Hexadecyl! cyanide 4.1 29 3.4 10.4 6.6 8.3
2-Pentadecanone 3.1 2.7 3.0 7.4 6.0 7.1
Dioctyl cther 34 2.1 3.6 9.0 53 9.8
Dioctyl ketone 3.0 2.8 39 7.3 6.8 10,0
Dioctyl sulphide 24 1.6 3.5 7.5 5.1 10.8
Dioctyl disulphide 0.4 —0.2 1.8 2.2 1.0 6.7
Dloctylmcthylammc 5.3 5.2 5.8 3.2 2.8 14.7

L et
Do

|
i
1
]
t
I
i
i

F) are beset with statistical uncertainty (see the last column of Table 1), which manifests
itself eventually as a systematic deviation in K of the same order of magnitude as its
random error. This eventual systematic deviation is relatively unimportant when X
values for the same proton acceptor are compared.

A serious point concerns the validity of the assumption (made in the calcula-
tion of Ffor substituted alcohol-alkyl chloride pairs) that two substituentsin the same
molecule do not interact mutually: in fact, they do. It is known that a number of
f-substituted alcohols form an intra-molecular hydrogen bond when dissolved at low
concentration in an apolar solvent!’—2!,

Even for unsubstituted alcohols in the gauche conformation, where the nega-
tively charged —OH group (an electron-attracting group) is in contact with a positively
charged y-CH,; or y-CH,; group (electron-releasing groups), the enthalpy is lower
than in the srans conformation. Possibly, a weak hydrogen bond is formed?*2 (see
Fig. 1).

AL g

trans __._..__., gauche trans _.._. gauche

Fig. 1, The trans==gauche equilibria for 2-fluorocthanol (ganche conformation internally hydrogen-
bonded) and propanol.

As regards alkyl chlorides, the enthalpy of propyl chloride is slightly lower
in the gauche than in the trans conformation, due to attraction between the negative
~Cl and the positive -CHj; groups. In substituted alkyl chlorides, the frans confor-
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mation is favoured, because of steric and electrostatic repulsion of the two negative
groups. Table 1V shows some interesting data on the conformations of alcohols and
alkyl chlorides.

Nothing is known about the influence of the prefetred conformation of these
compounds on their dipole-dipole interaction with polar solvents, which governs
the magnitude of F.

The influence on their interaction with apolar solvents is small, as judged from
the relative retention volumes for hexadecane and octadecane in Table I. These are
all between 0.6 and 0.7, except for the substituents =N and -CN. However, their
deviating behaviour can not be caused by differences in conformation of the alcohol
and the alkyl chloride, as the former substituent can only occur in one conformation
and the latter forms only a weak hydrogen bond with a -OH group.

It will be shown that any errors in F of substituted alcohol-alkyl chloride
pairs cause, at most, a standard deviation of 3% in K.

TABLE 1V

THERMODYNAMIC DATA ON THE CONFORMATION CHANGE trans—»gauche FOR fi-
SUBSTITUTED ALCOHOLS AND ALKYL CHLORIDES, IN CARBON TETRACHLORIDE
AND AT 25° EXCEPT WHERE NOTED OTHERWISE

Subsmuem Alcahol.s Alkyl chloride.s
—Al{" —48° K -«AH°"
( keal mole" l) (cal mole=! deg=!) ( /ccal male ')

-CH,; 0 55 4.0 0.26 0 05

-C,H; 0.28

~CsHy, 0.44 4.2 0.26

-F 2.07 3.6 5.2 —0.,5

-Cl 1.20 3.9 1.1 —1.2

-Br 1.25 4.7 0.76] —1.4

-1 0.81 5.1 0.30

-OCH, 2.20 3.0 8.9

=CH, 1.2

-C:H; 0.59

—CN 0.14 0.9 0.81

|
|
i
i

sée refs. 17-19 and 21-24.
* In the vapour.

Comparison of the proton acceptors

Strictly, the data on the various proton acceptors cannot be compared, as
they are related to different reference states. However, these states are so similar that
interpretation to a limited extent is possible.

The data in Tables I and 111 show that hydrogen bonds were formed with all
proton acceptors investigated. As far as we are aware, the ability of the disulphide
group to act as a proton acceptor has not been demonstrated before, This group, as
well as some other investigated groups (sulphide, amine and carbonyl) occurs in
proteins, and hydrogen bonding to these groups may be an important factor in sta-
bilizing the conformation of protein molecules in the organism.
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From the mean values of the enthalpy data in Table IlI, the following order of
decreasing acceptor strength results: —-NCHj;, -CN, >CO, -0-, -C(CH;)0, -S—, -Br,
~F, -1, —Cl, -S,-. The mean values of the entropy data in Table III yield the same order
of acceptor strength, except for inversion of the —-C(CH,;)O and -S— groups.

Comparison of ethanol, propanol and butanol

From the enthalpy and entropy data in Table 111, it follows that propanol
invariably forms weaker hydrogen bonds than does ethanol or butanol. This leads
to smaller association constants for propanol than for ethanol or butanol {see Table
11), which is reminiscent of the minimum in the dissociation constants of the carbox-
ylic acids in water for propionic acid?® and the minimum in the protonation constants
of the primary alkylamines in water and ethanol-water mixtures for propylamine2®,

It is tempting to ascribe these phenomena to stabilization of the reactants
(propanol, propionic acid and propylamine, respectively) due to a weak electrostatic
interaction between the positive -CH; group and the negative -OH, ~-COOH or -NH,
group in the gauche conformation?é, However, this explanation suffers from two weak
points, viz.:

(1) Tt follows from Table IV that the enthalpy of the gauche conformation of
propanolis 0.55 kcal mole—! lower than that of the trans conformation, and that about
209, of the propanol molecules are in the gauche conformation. When it is assumed
that the trans conformation of propanol has the same tendency towards hydrogen-
bond formation as does ethanol, it can be deduced from these data that the enthalpy
and standard entropy of hydrogen-bond formation for propanol should be 0.11 kcal
mole~! and 0.8 cal mole~! deg~!, respectively, higher thafi the corresponding values
for ethanol. The ratio of the association constants should be 0.79. However, it
follows from Tables Il and III that the actual (mean) effects are much larger: 0.8
kcal mole~!, 2.4 cal mole~! deg~! and 0.94, respectively.

(2) In ethanol, interaction between the —-CH; and —OH groups is impossible
on steric grounds. For butanol, no data are available on the enthalpy or entropy for
the rrans—gauche conformation change. However, from the value of the equilibrium
constant for butanol and from the enthalpy and entropy data for heptanol in Table
1V, it follows that the gauche conformation of butanol and higher homologues is
probably stabilized by interaction between the y-CH, and —-OH groups to the same

extent as with propanol. Thus, it is not clear why propanol should form weaker hy-
drogen bonds than does butanol.

Comparison of inter- and intra-molecular hydrogen bonding

It is clear that, when an alcoholic species is stabilized by an intra-molecular
hydrogen bond in the gauche conformation, its ability to form inter-molecular hy-
drogen bonds must be decreased. A negative correlation between the K values for
inter-molecular hydrogen bonding in Table Il and the K’’ values for the trans—gauche
conformation change in Table [V can be expected; Fig. 2 shows that this result was
indeed observed.

Itis also instructive to compare the enthalpy of formation of an inter-molecular
hydrogen bond in Table 111 (e.g., for butanol) with the enthalpy of the conformation
change trans—gauche in Table IV for the same proton-accepting group; the latter
appears always to be less negative. For the proton-accepting groups —F, —-Cl, -Br,
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CH; CyHy Br CN CICH, F OCHs,
¥ U R R ) ¥ {
% [0.6
\ o
° ° 0.4 ]
log KX 0.2
o
-06 -04 -~-02 0.2 Q.4 06 o8 1.0
——
logK"”

Fig. 2. Negative corrclation of log K (for inter-molecular hydrogen bonding, with hexadecyl cyanide
as proton acceptor and solvent) and log K’ (for the trans—gauche conformation change) for f3-
substituted alcohols.

—-I, -OCH; and —-CN the differences in the enthalpies (for intra- and inter-molecular
hydrogen bonding) are 0.4, 1.0, 1.1, 1.1, 1.8 and 3.3 kcal mole~!, respectively. A plausi-
ble explanation of the observed enthalpy differences is increasing steric strain in the
gauche conformation. In fact, for the substituents ~F, —Cl and —-Br the enthalpy
differences are about equal to the enthalpies of the conformation change trans—
gauche for the substituted alkyl chlorides, i.e., to the energy increase of the gauche
conformation due to steric strain. In the case of the —CN substituent, it is probable
that in inter-molecular hydrogen bonding its n-electrons are involved, whereas in
intra~-molecular hydrogen bonding this is sterically impossible and only a weak hy-
drogen bond with the m-electrons can be formed.

Influence of substituents on the association constants
The influence of substituents on equilibrium constants can often be described
by the Hammett?’ equation:

log K/Ky = 0o (8)

where Ky is the equilibrium constant of the unsubstituted compound, g is a parameter
that depends only on the reaction (in the present instance: the proton acceptor) and
o is a known constant that depends only on the substituent.

In the present case, the substituents are isolated from the reaction centre by
at least one —CH, group. Accordingly, they can only have an inductive effect on the
electron density in the -OH group, and use of the inductive substituent constants
oy (see ref. 28) in eqn. 8 seems to be appropriate.

However, Fig. 3 shows that, for two proton acceptors, there is no correlation
between log K/Ky and oy,

Surprisingly, the data can be well described by the Taft equation®:

log K = ¢ + 0,0, + 0a0r (9)

where the last term on the right-hand side accounts for the effect of substituents on
resonance structures (*mesomeric” or “delocalization™ effects).
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Fig. 3. No corrclation of log K/K, and o,. @, Hexadecyl cyanide (proton acceptor and solvent);
O, dioctylmethylamine.

Calculations were made for the substituents —-CHj;, —-F, —Cl, -Br and -OCH,,
for which accurate values of o; and o, are available.

For the five strongest proton acceptors, the calculated standard deviations of
log K ranged from 0.012 to 0.022 (corresponding to standard deviations of 2.5 to
5% in K) and the correlation coeflicients were better than 0.998. Even for the weakest
proton acceptor (dioctyl disulphide), the standard deviation in log K was better than
0.058.

It is probable that such a good correlation is not fortuitous. Another argument
for this belief is the good correlation between cand log Kj; (seeeqn. 8):¢ = 1.12 log Ky
+ 0.10.

The p; and g, values are all positive, indicating that the association constants
are larger as the substituents are more electron-attracting. The ratio gp/o, is 1.3 for
dioctyl sulphide and dioctylmethylamine and 2.2 for all other proton acceptors. This
shows that the effect of the substituents on resonance structures is fairly important in
these hydrogen-bonding equilibria: in the dissociation of p-substituted benzoic acids
orloy is only 1,

The positive sign of the o, values is in accord with other investigations of the
influence of substituents on hydrogen bonding®®. The occurrence of a gpo term and
the positive sign of pz can probably be explained as follows.

As already mentioned, the substituted alcohols are all, more or less, internally
hydrogen-bonded For the hydrogen-bonded structure of, e.g., 2 fluoroethanol*,

Reccntly, the occurrence of hydrogen bonding in the gauche conformation of 2-fluoroethanol
was challenged?®#33, In the first paper, it is concluded that *“*small clectronegative atoms, particularly
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some of the resonance forms contributing to the stability of the hydrogen bond are
as follows3!;

CH3 CHy /CH-‘, CH, CHz;———CH,
oﬁi FO+ v = o~ F* - - O F*
H H H™

The stability of these resonance forms increases with the availability of an
electron pair on the proton-acceptor group, of which —oy is a measure. As the stabi-
lity of the intra-molecular hydrogen bond increases, the association constant for
inter-molecular hydrogen bonding will decrease. Thus the latter will decrease with
decreasing values of op, hence g will be positive,

It is remarkable that the Taft equation describes our data so well. Normally,
this equation is used to describe the influence of substituents on a remote reaction
centre; here, the substituent is part of the reaction centre.

Finally, all data except those on hydrogen bonding with hexadecyl cyanide in
the solvent hexadecane (a somewhat exceptional case) and the incomplete data on the
substituents =CH, and =N were analyzed by the technique of factor analysis by the
equation:

log K/ Ky = 28 (10)

where both r and s are adjustable parameters, r depending only on the proton ac-
ceptor and s only on the substituent®. The values of r, and s, are optimized with a
view to explain as much of the variance of the data as possible by the first term r,s,.
Then, the values of r, and s, are optimized with a view to explain as much of the resi-
dual variance as possible by the second term r,s,, and so on. The first term is able to
account for 79.8% of the variance, and the second term for an additional 17.4%;
further factors add only 1.4, 0.9, 0.3 and 0.2 % to the explained variance (see Table V,
column 2). Thus, it is probable that 97.2%( of the variance in the data is caused by
two real physical factors and further mainly by experimental error.

The two factors may be identified with linear combinations of the inductive
and mesomeric effects of the substituents.

The 2.8 of unexplained variance corresponds to a standard deviation of
5.5% in K, and the average experimental error has been estimated at 4.5%;. This
leaves a standard deviation of 3 9} in K, which can be attributed partly to the inade-
quacy of eqn. 10 and partly to errors made in the calculation of ¥ for substituted al-
cohol-alkyl chloride pairs.

F and O, show an overall attractive interaction”. This conclusion is based on data on the standard
free enthalpy of the conformation change trans—gauche for a number of substances. These data are
interpreted as 4 H values, i.e., the approximation is made that 4S° = 0, However, the third column
of Table 1V shows that this approximation is unjustified. In the second paper, it is concluded that, in
the gauche conformation of 2-fluoroethanol, no intra-molecular hydrogen bond is formed, becausc
of the similarity of the NMR chemical shifts of the ~-OH protons of 2-fluoroethanol and ethanol in
dilute carbon tetrachloride solution. Ethanol, of course, can not form an intra-molecular hydrogen
bond. However, in dilute carbon tetrachloride solution, it will probably form weak O-H-Cl inter-
molecular hydrogen bonds, and it is probable that the chiemical shift of the proton in this bridge is
similar to that of the proton in an intra-molecular O-H-F bridge.
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TABLE V

PERCENTAGE OF THE VARIANCE OF THE DATA ON log Kx/Kuy, ON log Jx/Jyn AND ON
log 7x/I1y, AND OF THE THREE SETS OF DATA TOGETHER, THAT CAN BE EXPLAINED
BY SUCCESSIVE FACTORS i/ IN EQUATION 10 OR 17

log K¢/Ky log Jx/Ju log Ix/Iy log Kx/Ky, log Jx|Ju, log Ix/Iu

-~

|
i

1 79.8 72.6 83.6 69.3
2 174 22.0 9.4 18.4
3 1.4 3.8 6.3 9.2
4 0.9 1.0 0.6 2.0
5 0.3 0.3 0.1 0.6
6 0.2 0.2 0.0 0.3
7 0.0 0.1 0.0 0.2
8 0.0 0.0 0.0 0.0

Influence of substituents on the partition equilibria
Several authors have described chromatographic3®-3° and liquid-liquid par-

tition4®:4! data by the Hammett equation without extracting chemical equilibrium
constants from their data first,

Indeed, close analogy exists between partition equilibrium constants and
chemical equilibrium constants, as will be demonstrated in the following. Consider
the chemical equilibrium:

XNY 4+ R=XNZ ¢9))

where X is a variable substituent, N a common hydrocarbon skeleton, Y a common
reaction centre and R a common reactant. For the equilibrium constant Ky:

2.3RT|Og Kx = /.LOXNY -+ /JOR - .LLOXNZ (]2)

where u° is the standard chemical potential.
When X = H, a similar relationship holds, and subtraction gives:

1
log Kx — log Ky = 33RT (txny — Uuny — UOxnz + #%anz) = s (10)

For another solvent, a similar relationship holds, and subtraction gives:

1
4 log Kx — A log Ky = W(dﬂoxwv — Auluny — Auxnz + Auunz)
=21A"(S‘ (13)
Now, consider the phase equilibrium:

XNY(phase 1) == XNY(phase 2) 14)
For the partition coefficient (Py) it holds that:

2.3RT|0g Px = /.lﬂOXNY (15)
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Subtraction of the similar expression for the case when X = H, gives:
] .
log Px — log Py = S3RT (Apxny — Apluny) (16)

For the partition equilibrium of XNZ, where Z is ariother functional group, a similar
relationship holds, and subtraction gives:

P P 1
XD o HY) = 33RT (APxny — Auluny — Apxnz +

Pyz) Pryz)
+ Auunz) = 2idrs, (17)

Equations 13 and 17 appear to be formally identical. The only difference, in
practice, is in the nature of the groups Y and Z that one expects to encounter in
chemical equilibria and phase equilibria, respectively. In the first case, Y can be trans-
formed into Z by a reversible reaction (e.g., Y = COO~ and Z = COOH): in the
second case, this is not required (¢.g., Y = OH and Z = CIl), and this may make
some difference.

The data in Table I correspond to:

P.‘((Y) =7
P - X
X(Z)

for partition of S-substituted ethanols (XNY) and ethyl chlorides (XNZ) between the
liquid stationary phase and the gas phase.

We can also calculate the corresponding expression for partition between two
stationary phases (supposed to be insoluble in each other):

(18)

’
P'xivy — ( Pxvy

P.‘((Z) —
P P + solvent ") ( B solvent ,,) = Jx (19)

XY)

where solvent ¢ is hexadecane and solvent p is one of the polar stationary phases.

So, we can compare the applicability of eqn. 17 for partition between a liquid
and a gas (from the values of log 7x//,) and for partition between two liquids (from
the values of log Jx/Jy), and that of eqn. 10, for the case of hydrogen bonding (from
the values of log Kx/Ky). The results of the factor analyses are shown in Table V,

The results on log Kx/Ky have been discussed in the preceding section: the
variance of the data seems to be caused by two real physical factors.

The variance of the data on log Jx/Jy and log /I seems to be caused by three
real physical factors, as the percentage of the variance explained by the third factor
is rather large (3.8 and 6.3 9, respectively).

With three factors, eqn. 17 describes the data on log Jx/Ju and log Ix/Iy at
least as well-as eqn. 10 describes the data on log Kx/Kj;. The 1.6 and 0.7 9%, of un-
explained variance corresponds with standard deviations of 2.5% in Jx and 2.3%; in
Ix. The experimental error is estimated to be 1.4 % and 19, respectively. It follows
that the precision of eqn. 17 (with three factors) is 2.1°%{ in each case .

The three sets of data together can also be described by three factors. This
shows that the factors governing the influence of substituents on chemical equilibria
and on partition equilibria are closely related.
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CONCLUSIONS

As a method for the determination of complex association constants, GC
compares favourably with spectroscopic methods.

Hexadecyl derivatives and dioctyl compounds show the following order of
decreasing proton-acceptor strength towards alcohols: -NCH,, ~CN, >CO, -O-,
-C(CH3)O, -S-, -Br, -F, -1, -Cl, -S,—.

The differences of the enthalpies of intra- and inter-molecular hydrogen bond-
ing of butanol, with the same proton-acceptor group, increase in the order —F, —Cl,
-Br, -1, -OCHj;, —-CN from 0.4 to 3.3 kcal mole~!, because of steric strain in the intra-
molecular hydrogen bond.

The association constants of the substituted alcohols can not be described by
the Hammett equation, using inductive o, substituent constants; this is probably due
to intra-molecular hydrogen bonding. A good description can be achieved by the Taft
equation using the inductive and resonance substituent constants o, and og.

Factor analysis shows that the variance of the data is caused by two factors,
which may be identified as linear combinations of the inductive effect of the substi-
tuents on inter-molecular hydrogen bonding and their effect on the resonance struc-
tures involved in intra-molecular hydrogen bonding.

The effect of the intra-molecular interaction of two substituents on partition
equilibria is, formally, fully analogous to the effect of intra-molecular interaction
between a substituent and the reaction centre in chemical equilibria. From factor
analysis, it follows that, in the present case, three physically significant factors are
present. The data can be described with a precision of 2%.

The factors governing the effects of substituents on phase and chemical equili-
bria are closely related.
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