
AN EX!?ANDED SOLUEELIti PA&AMETER-TREATMENT FOR CLASSIFL- 
CATI@ AND USE OF C~ROMA~~(lt~PHIC.SBLVENTS AND ADSQR- 
BEMTS 

PARAMETERS. FOR DISPERSEON, DIPOLE AND HYDROGEN BONDING 
ENTERACTIONS 

A basis for calculating specific solubility parameters for dispersion, S,, induc- 
tion, 4,, orientati_on, a._,, and hydrogen bonding, 6, and B,,, is presented. These param- 
eters provide a classiI&tion scheme of solvents and adsorbents that can be used to 
estimate selectivity in chromatography. The dispersion solubility parameter is deter- 
mined via the Lorentz-Lorenz function and the refractive index of the pure com- 
pound. The orientation parameter is obtained from the dipole moment of tke sub- 
stance and the molar volume. The use of bond dipoles (i.e. effective dipole moment) 
is found to be necessary in describing solution interactions. The induction solubility 
parameter can be obtained from the orientation parameter and the molar volume. For 
hydrogen bonding, the a,&, product of atcohofs obtained from the vaporization 
energy is correEa&i with the heat of hydrogen bonding. With the definition of equai 
values of&, and 6, for dcohols, it is then possible to determine the parameters for other 
compounds via heats of hydrogen bonding. Evidence is presented of the general 
&lid&y of the relationships derived. 

There is currently a need for a- general classification scheme for solvents and 
adscrbents commonly uss in chromatogaphy. It is well known that ranking phase 
systems in terns of a &ingfe pzr.&eter; 2-g. polarity, does not provide zn ad-u&e 
means of p&dicting retention and se&3&&y in chromatography. One must acccunt 
for the vtio&s interaction forces that can occur between the solvent or adsorbent 



and the soIute species. _A general dassikation scheme ought to provide an under- 
standing of the relationship between solute retention and the composition of chro- 
nato,~phic phase systems. 

Practical schemes of retention to-date have been based on chromatographic 
data per se. For example, the group additivity approach (e.g. the lWartin equationl), 
has been frequently employed 24. Linear free energy approaches have also been 
taken’-lo. More recently, factor analysis has been applied as a predictive tool for re- 
tentionf1-14. An approach for characterizing the polar aspects of solvents based on 
published data of gas-liquid partitioni has been introduced16. 

Each of the above approaches for prediction and/or control of retention and 
selectivity can be quite useful in specific situations. However, a conceptually unified 
system for understanding and generalizing such schemes has so fm been lacking. 
Ideally, such a treatment would be based on the fundamental intermolecular interac- 
tions common to both adsorption and partition systems -which have so far been 
treated separately. Finally, there should be a means to relate the various classification 
parameters to more readily available (Le. non-chromatographic) data, such as the 
properties of pure compounds_ 

In a previous pape?‘, we have outlined an expanded solubihty parameter 
treatment for the general classification of solvents and adsorbents which is applicable 
to polar and nonpolar systems. This model is able to provide a means for estimating 
and understanding retention and selectivity in chromatography. Classification is 
based on a set of molecular characterizing parameters, the specif7c sdubiiify parant- 
&et-s. 

In the present paper, we will detail how specitic solubility parameters can be 
derived from non-chromato_~phic data. A preliminary solubility parameter classifica- 
tion scheme of common solvents for liquid chromato_mphy based on the approaches 
taken in this paper has already been published’*. In a separate articlelg we outline in 
detail the applications and limitations of the method to the understanding of retention 
in the various forms of chromatography. 

GENERAL MODEL 

A general review of various expanded solubility parameter treatments has 
recently appeared20. In the original treatment of Hildebrand and Scott”, the soiubility 
parameter 6 

(E’ = energy of vaporization per mole of pure i and V, = molar vobme}, was as- 

sumed to be useful only for nonpolar systems. However, Blanks and P~JSI&Z~ 

extended the treatment to polar (but non-hydrogen bonding) systems and Hansen= 
included both polar and hydrogen bonding interactions. As outlined in our previous 

paI= I’, we have expanded on Hansen’s approach_ 
To review briefIG; LIE: represents the energy per mole required to overcome 

interacticlns between adjacent i molecules in the pure liquid state during the process 
of evaporation, if the gs phase is assumed to be idea12f. AEY c-an in turu he subdivided 
into interaction energies per mole of the following type: dispersion- (E,,)vh induction 
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(E,,)‘;,, dip&e orientation (?SijyO, and hydrogen bonding (EJvhb, where subscript ii 
represents the interaction of adjacent i molecules. Each of these energy terms can be 
expressed as a product of spkeific sotubihty pammete&’ 

and Sd2 represents the contribution of dispersion interactions to LIE”, etc. Thus, &, 
indicates the ability of a substance to participate in dispersive interactions. SimiIarly, 
6, is a measure of the ability of a species to participate in dipole orientation interac- 
tions; &, the abiiity of that species to induce a dipole moment in surrounding mole- 
cules; and 8, and 6, the ability of that species to function as a proton donor or ac- 
ceptor, respectively. For the present, we wi!l not consider charge transfer interactions; 
however, if required, a term similar in form to that for (LL&)V~~ can be added to eqn. I. 

In the present paper we will consider methods by which the various solubility 
parameters can be calculated from properties of the pure compounds or mixtures. 
Eqn. 2 can be simplified to: 

62 = a** + a,* (3) 

where 6, is a composite quantity. Our approach will be to determine values of 6 and 
& from data on pure compounds. The dissection of resulting values of ~5, into induc- 
tive, orientation, and hydrogen bonding terms wiiE then be performed in terms of 
ce_tin theoretical considerations, as well as nonchromatographic data from mixed 
systems (solute plus solvent). 

Values of6 can be determined from the ener=z of vaporization and the molar 
volume of a given compound (eqn. 1) at 25”. HoyU has reported 6 values for about 
600 compounds, based on AE” data. 

In some cases AE’ values for the pure compounds are unknown, or the accu- 
racy of such data is open to question. An alternative means for estimating dEV is 
from the boiling point of the compound (Hildebrand rule)25 

LfJ?’ = -3550 -L 23.7 Tb + 0.02 T’,t (4) 

where Tb is the absolute boiling temperature at 760 mm. Eqn. 4 has been verBed 
previousEyzl for a limited range of non-polar and slightly polar compounds. For n- 
aikanes and related a&y1 derivatives above octane AE’ (and thus 8) values predicted 
by eqn. 4 are uniformly fewer than experimental AE’ vaIueG. Moreover, ecp. 4 is 
not useful for obtaining the 6 values of species which significantly associate in the 
liquid state (e.g. water, akohols)25. 

DISPERSION S0LUBILlX-Y PARAMETER 

Dispersive forces are common to the interaction of all mokcules whether or 
not they possess a permanent dipole moment. For non-polar solutes, e.g. aliphatic 
and aromatic hydrocarbons, dispersion forces are ‘he sole interacting forces in the 



pure liquid state with 6 = &, from eqn. 2. It-should be noted that the S values for 

acyclic hydrocarbons are found t5 be uniformBy lower -wken c&uIated from the 
experimental d E”, relative to the 6 values obtained di+etIy fro& sohrbihty measure- 
ments (see eqn. 3 of ref. 17). Hlildebrand and ScotP first noted this, and it has been 

-further confirmed in the w5rJ. of Rohrsckneide? and Keller and Snyde?‘. (For 
example, in ref. 27 the solubiiity of anthraquinone in isooctane suggests that 6 iso- 
octane equals 8.1 rather than 7.3 fAE’ value)). Here we assume 6 = & M 8 for 

acyclic hydrocarbons above pentane as solvents. For the other hydrgcdon types 
(cyclic, aromatic), no discrepancy exists. 

For polar compounds, the tot21 solubility pammeter is a sum of terms related 
to the various types of interaction (see eqn. 2). In order to examine the polar 
solubility parameter 6, in detail (eqn. 3), it is necessary to have some means of 
esimating &. Previous estimates of ad have been based on the homomorpk princi- 

Pie- yz*23 in which & for a polar compound is taken to be equal to the 6 value of a non- 
polar compound of roughiy equivalent size and shape. This empirical approach is of 
limited accuracy. However, an accurate estimate of S, is necessary, since 6, is deter- 
mined from the difference of a2 and adz, and any errors in 6, become magnified in 6,. 

In a previous paper” we have provided a different approaek to estimating S,, 
based on the refractive index n of the compound in question. & (ener_q for dispersion 
interaction) is proportional to the square of the electron polarizability per unit voIume, 
cz_ The Lorentz-Lorenz expression relates CC: and u (ref. 38), 

where Iv is Avogadro’s number. 6, is then proportional to the refractive index function 
on the right hand side of this equation. A plot of 6 for 95 hydrocarbons (with 8 or 
fewer alkyl carbon atoms) reveals a linear relationship”: 

s, = 30.7 ( 
n” - I 

,1 1 f2. 

with a standard deviation in 6 of i0.2 units (cf- the homomorpk approach in which 
the standard deviation, in 6 is +0.7 unitP). Most S, vahres are found to be Iess than 
9.0 (see Table I); for 6, values above this (in&ding data for 13 additional non-polar 
non-hydrocarbons), the relationship with refractive index becomes non-linear 

S,, = 2.24 + 53x-S32+22_+ (7) 

where x is the Lorentz-Lorenz refractive index function. The standard deviation fur 
the hydrocarbons (polycyclic aromatics) remains at &0.2 units whib that for-the non- 
hydrocarbons, e.g. CS,, Br,, is found to be f0.4 units. The 6, vafues in Table I have 
been calcuhzted from eqn. 7. 

We have previously” presented d&a in support of the use of eqns. 6 and 7 for 
the c&u&ion of 6,. As expected, when ahpkatic groups are replaced by aromatic 
~5ups & increases (e.g. for C&I&OOC& &, = 7.6, whereas for C&L@OCH1 
S, = 9.2). Also in a homoiogous series containing a singIe~ functional group; 6, 



decreases with increasing ckain lengtk. The change in S, per metkylene group is 
small (ea. 0.2 units), leading to the useful approximations of& w 8 for aliphatic and 
6 = 9 for aromatic hydrocarbons as solvents_ Table 1 presents values of &, for a 
variety of solvents. 

As seen in Table I and noted above, 6, values do not vary greatly among 
simple organic compounds. Dispersion forces are thus nou-selective, as is well known, 
and the significance, per se, of solvent 6, values in chromatography is not great. For 
example, eluotropic strength in liquid chromatography is similar for al! paraffin sol- 
ventP. The real significance of the dd values is to provide a basis for the caIculation 
of 6, values, which are concerned with selective interactions. 

DIPOLE I-NDUCTION AND ORIENTATION SOLUSILITY PARAMETERS 

Polar molecutes, Le. those possessing a permanent dipole moment (or bond 
dipole, see later) are capable of both dipole induction and orientation interactions in 
the pure liquid. For the present discussion we shall consider only compounds with a 
single polar substituent (the extension to multisubstituted compounds is discussed 
later), and we shall assume that no hydrogen bonding occurs in the pure Iiquid. 

As previously”, the net contribution of dipole induction in the pure liquid, 
(Eli)VIn, can be written as 

(EiXin = (2&44 (8) 
where 

4, = C,, P/V (9) 

and Cr, is a constant for alt compounds possessing a single polar substituent of .dipofe 
moment p. Eqns. 8 and 9 arise from the fact that (Eii)yi, is proportional to the energy 
of a single induction interaction, -2~~ a,/F times l/V (proportional to concentration 
of dipoles in the pure liquid *), where a, is the total polarizability of the molecule and 
r is the internucIear distance. 

For dipole orientation we may write 

(&)$ = b,ZV (101 

It has been argued previously by us” and others’3*zg.30 that the energy of a’ single 
dipole interaction is proportional to the product of the two dipole moments (,u’ for 
the pure liquid), rather than the product of the squares of dipole moments predicted 
by the Keesom equation for two interacting dipoles in the gas phase. Combining these 
relationships with the product of the concentration of the two dipoles in the pure 
liquid (l[P) we have 

SO2 = c** @jr/’ (11) 

where CO is a constant for compounds possessing a single polar substituent. 

* The assumptioa is made that there is a random distribution of dipoles throughout the pure liq- 
uid. Ifthis were not so, then mokcuks with a single dipole moment would not folfow Trouton% rule; 
however, as we ‘owe previously noted, oniy molecules which form hydrogen-bond complexes deviate 
signifk3atiy from this rule. 
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where C = (2C1,/C,,z) is a common constant for compounds possessing a single 
polar substituent and for which no self association occurs in the pure liquid. Similarly, 
values of a,, are @en as 

Eliminating S, between this relationship and eqn. 12 then yields 

That there must be 2 relationship between 6,, and 6, in these simple systems can be 
readily seen from eqns. 9 and I I. 

Knowledge of C permits the calculations of 8, and bi, from the experimental 
values of 6,, & and V. C can in principle ‘be evaluated from vaiues of 6, and 8, for 
related compounds, but this is not an accurate procedure. A better approach is 
through the use of data for mixtures of 2 polar solute i and non-polar solvent j, in 
which induction interactions exists (i + j), but orientation interactions are absent. 
These data can be conveniently obtained from gas-Iiquid chromatography (GLC)31. 

For GLC systems dEglc = dES, the solution energy. From our previous work? 
and from 2 detailed paper to be publishedlg, it can readily be shown that for polar 
solutes and non-po!ar solvents 

Given experimental v&es of&Z,,,, S,’ and &J, the value of dipi can be calculated. 
This calculation is det@ed in Appendix I for the GLC system in which n-hexadecane 
is the stationary phase. Next a02 (for the polar solute) can be caIcuk&ed from SO2 = 
dP2 - 2& &. Finally, rear_zzngement of eqn. 24 gives 

The derivation of va!ues of C from da&& for widely different solutes in a par- 
ticular GLC system (n-hexadecane solvent) is summarized in Table II. It wifi be noted 
that only solutes for which 6, > 5 have been selected. As 6, becomes smaller, the: 
derived C vahres show greater scatter, since 6, is obtained by 2 subtraction of two 
squared quantities. The C values 2~ seen to_bg approximately &r&a&for all solutes 
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SOhE~ RI/IO@ & s Irn 

(cQ!!~rRi)’ (ca&d) * 

CHgEE*NO2 5.54 ~~ 71 11.0 7.3 2.2 
CH&H&N 4.85 71 10.8 6.9 1.8 
CH,cH,CH+cN 5.78 87 10.0 7.1 1.6 
CH3CH2CH0 4.34 72 9.3 6.8 1.3 _ 
cFwam,cH, 5.39 90 9-s 7.1 1.2 
C&CHrCH&IHO 5.37 88 9.0 7.2 I.1 
CH$ZOOCH3CH1 5.46 98 8.9 7.0 X.0 

l From ref. 31, recalculated data from ref. 41; liquid phase n-hexadecane. 
l * D&a from ref. 42. 

t*Q From vaporization ener@+. 

& c x 103 
(CaQRi) * (cd- nli) - + 

6.0 1.7 
6.6 1.2 
5.3 1.3 
4.6 1.7 
4.7 1.2 
3.8 1.7 
4.0 1.3 

and equal to 1.4 i 0.3 x low3 (cal -ml)-*. ?&is will be taken to be a characteristic 
value for all monofunctional group organic solutes. 

Given values of c, 6 and &, we can calculate values of 8, and hi, for those 

solutes in which hydrogen bonding does not occur in the pure liquid state. Some of 
these values are reported in Tabie I. With these derived 6, and 6*, values, we are ROW 
in a position to check some of the basic tenets of the model, for the case in which no 
hydrogen bonding occurs. 

The vahdity of the &, values (and hence the value of C) can be in part examined 
by comparing (E& calculated from eqn. 8 with experimentally estimated (E& 
vaIues3’. This is done in TabIe ITI in which (&)r,, is taken as the interaction ener_q 
of induction between the given solute and Apiezon M, as estimated by gas chroma- 
tography. A value of 8 is taken for 6, for the stationary phase. Considering the ap- 
proximations, the agreement between the two values of (&Jr, is satisfactory. 

Further examination of the model can proceed in the following manner. Eqn. 
11 states that the iote=-action ener_q E,, for dipole orientation is proportional to $, 
rather than yi as given by the Keesom equation. However, it must be remembered 
that the # dependence ;s calcuI;rted for the gas phase in which rotation dllows the 
interacting dipoles to assume a variety of positions in relation to one another. Kn sohi- 
tion, the roughly thousandfold increase in density (relative to the gas phase) makes 
intermolecular distances shorter, thus restricting rotation. Hansen in his expanded 

TABLE iir 

CO_MPtUUSON OF (E& VALUES FOR SOLUTION OF SOLUTE IN APIEZON M CALCU- 
LATED FROM ec?_u. 8 W=TH PUBLXSHED VALUES 



soM.$iiy pam&eier mode1 empIoye& a -$ dependen&. En adcE60pl. Bgn& -7las 
sugges’kd-the ~2 dependenti for crystals and Weiner e2 aLm using factor a&x&is in 
GLC find this relationship. We shah now exam&e further t@e rekionsrzip; of& top. 

The cafculation ofa, and ~3~ in Appendix E makes no assumption _~ncerning 
the diple moment -dependence of either of these solubihty parameters.. From the 
constancy of C in Table II, it follows from eqn. 14 that &,2 and S, lnust have the sqnk 
functional dependence on the dipole moment. Efeqn: 9 is assumed to he co-&t, then 
it must follow that eqn. 11 is also correct or f&* cc $. 

Further proof that 4,’ 0; p2 can be seen as follows. The polar solubility param- 
eter, SD, can be calculated from eqn. 3. If no hydrogen bonding ocCurs, we have froni 
eqns. 9 and 21 

or with ~3~ = 8 

a,2 = + 12.8 x 1O-3 Vj 

For a homologous series of a given functional group, eqn. 18 can be written as 

SD2 = Co’ pz f(v) tq 

where p is approximateiy constant. Fig. L shows plots of log 8, vs. log V for diffe_mnt 
homoiogous series, and it is found that parallel straight fines give a good approxima- 
tion of the data, i.e. *&e common function f(v) M V-o-i. This functionality follows 
directly from the separate volume dependencies of the induction and orient&ion 
terms of Y-* (eqn_ 9) and V-l (eqrt. 1 I). Enduded in Fig_ 1 is the log 6, vs. fog V plot 

for n-akohofs. The self-association pdssibfe in &is case leads to f(v) functionahty of 
V-o-s. Thus, the reduction in ci, wi&& moIar volume occurs moth siowly when hydrogk 
bonding results. We will discuss in detail hydrogen bonding in the next setion. 

L%S we have akeady not&, 6, does not chXIge signifintfy from compound to 
compound in a homotogous series. Es, = 8 for ahphatks, then from eqns. 12 and 
18 it can be seen that when V = 78 ml, the contributions of induction and orient+ion 
tG 6,ZU-e eqIXd, k. &* = 2&p&d- 

From the results of Fig_ 2, monofunctional group systems (with&t hydrogen 
bonding) can be pla&d on a common basis for comparison in terms of the value of 
6, at a constant molar volume. We~have arbitrarily se&ted V = 78 ml for this pur- 
pose, as the induction and orientation terms are equal at this pdint 

From eqn. 17 and our discussion of the dipole moment re@tionship to &, 

@&=,* n! should be directly pro?Grtional to p. 7%~ rklationship k tested in Fig. 2, 
and it can be seen that 2 straight fine exists for mGst~monof~ctiond compounds 
The ester, RCO,CH,, is more polar -than predicted from the dipoIe moment.~_T@ 
resuhs fiGm the fact that the overall dipole moment of the ester is the sum of~two 
dipole vectors which are partMy in opposite directions, &u&g some cZznce&ition- 
Yet in sohktion, as we have p~titi out+ sin$e (bond) dipof+ 4?rom two mOk&eS 
interact at close rage with each other, and therefore it is t&e k@G$xal bond~&oks 

_ . . 



I 

V, ml 

Fig_ I. Plot of IogS, vs. log V(mohr volume) for ~omoiogous series of monoFunctional group com- 
pomds. 

that inteeract. (ap)y=,8 ml for ester is close to that of ketone RCOCH,, which suggests 
that it is the carbonyl on the ester linkage which mainly partakes in dipole orientation. 
Fig. 2 can then be-used to define an “efktive” dipole moment for esters in solution 
(and the adsorbed stz~te)~. Further, other functional groups (that do not self associate) 
deviating from the straight line can have their dipole moments redefined to reflect 
the actual poia-ity of the group. 

33e fi.nal example of the .u2 dependence of E, can be obtained from gas chro- 
matographic data. If no hydrogeen bonding takes place, it is easy to show thatX9 

(20) 

where ARI Is the retention index dBerence of a solute between a polar and nonpolar 
station& p&se and AE,$ is the methylene group increment contribution to Al& 
in soiientj. If 8 common polar solvent is used, then ARE should be proportional to 
pi for a series of monofunctiod group compounds from eqn. I I. 

~--Fig. 3 iS a plot ofARI verms~(-, for such a series of compounds, the polar phase 
beings-hexadecytitile and the non-polar phase being n-hexadecam?. It can be seen 



Fig. 2. PIot of (6,), = 7% ml VS. gzx-pk dipole moment for monofunctional group cornpam& 

that a linew relationship exists with a zero intercept. (Kovdts has already noted the 
same relationship3’). As previously, methyl acetate fal!s off the line, a result of the use 
of the gas phase dipole moment for dipole orientation interactions, rather than the 
effective dipole moment. 

So far we have dealt solely with monofunctional group systems. As more func- 
tional groups are p!aced in the molecule and as the.molecule becomes more complex, 
the r&&or;ships must be modified. Iket us examine sever& of these czes. 

Consider 6rst a molecule with two equivalent functional groups well removed 
from one another such that there is no intramolecular interakion, e.g. Cl-(C&)&i. 
Although the total dipole moment is xx&zero, the concekration of local &poles 
v&be ewice as large as that of a single functional grzmp, OF 2/V_ E the dipole moment 
(efktive where necessary) of the single substituent is used~(in this case R-Cl), then 
eqns. 9 and 11 become 

and 



The moi& volume at which 6,’ = 2&r, & is ConsequentEy reduced by a factor of 2, to 
&mm.‘- 

-If the two functional groups on the molectife are different, then to account for 
&l‘possibIe dipoIe orientations and inductions we have 

(23) d,, + 

and 

L% f Pu,Y (24) 

where ,ur and ,u~ are the dipole moments for the two functional grotrps. Note that when 
pr = ,cJ~, eqns. 23 and 24 reduce to 21 and 22, respectively. We can generalize the 
expressions for n difherent functional groups that are independent of one another as 

(25) 

and 

cm 

The characterization of molecules in which intramolecular effects influence 
intermo2ecA.r interactions is more complex. In general steric effects wih prevent the 
close approach of mo~ecutes (OF dipoles) to the functional group, thus effectively 

.&creasing d,, c&, and hence 6,. Electronic effects can either enhance OF diminish 
polar interactions, depending on their relative influence on the dipole moment of the 

polar functional group. While some simple rules might be applied to estimate these 
effects (e.g. refs. 33 and 9), these rufes are restricted to specific cases. It seems best for 
the present to calculate 6, from vapor pressure measurements and to ascertain the ef- 
fective dipole moment in a fashion simifar to that used in Fig. 2. Turning the problem 
around, measurement of the effective moment for specific molecules can provide 
useful information in understanding the &St-Order influence of steric and electronic 
e&&s on intermolecular forces. 

HYDROGEN BONDING SOLUBILITY PARAMETERS 

As discussed later by us and noted by othersZo, extension of the solubihty 
parameter approach to hydrogen bonding is more approximate than extention to 
dipole interactions. Nevertheless, correlations of the S, and 6, with heats of hydrogen 

bonding can provide useful characterization for hydrogen bonding. 
The approach begins with a consideration of E-alcohols, for which self assacia- 

tion in the pure liquid state exists. In this case all the terms in eqn. 2 are necessary in 
order to account for ah interactions in the-bulk liquid phase. Consider ethanol ~OF 

which 6 = 12.7, as calculated from vapor pressure data”. The value of the dispersion 

solublity parameter Sd rs then clbtained from eqn. 6 and the refractive index, and is 
fouqi to be 6.8 (see Table I). 



In order to determine the va&ue of 23, Sgfoi ethaaoI, w& must next calculate 

tht terms for dipole orientation and tiduction in eqn. 2. Tbis~c-an most readily beg 
accomplished by assuming G%at the linear _~Iati&ship between @i&z78 mt and di@e 
moment p is valid for the polar solubility parameter ofet+nol without hydrogen bond- 
ing, 6’,. Since tie dipole moment is 1.70, (&‘P)y=TB ml = 3.2, from Fig. 2. This value 
can be corrected to the molar volume of ethanol which is 58.5 @/mole, by recal@g 
from Fig. 1 that for non-hydrogen bonding monofun&onai group classes &, = 
AT/-“-‘. Thus 6’, for ethanol is 4.5, excluding hydrogen bonding. The values of a0 
and ai, can be obtined from this value and eqn. 14. The small dipole moment found 
for the alcohols minimizes errors from this approach. 

We next arbitrarily assign 8, = 6, for all rz-alcohols. A definition on the rela- 
tionship of S, to & is necessary, since absolute values for proton donating and ac- 
cepting abilities of _molecules cannot be obtzined (cf- single ion activities in salt solu- 
tions). In effkct 6, and &, values for all solutes are made relative to the values for it- 
alcohols, This particular definition has no practical consequence, since in all hydrogen 
bonding interactions the product 6,6, is the term that accounts for the interaction. 

From the values of 6, 6, and a’, for ethanol, we calculate that 8, = 6, = 6.9. 
FolIowing similar calculations for other n-alcohols, we find the 6, and 6, values for 
akohols shown in Table I. It is easy to ascertain that&, = &, cc V-* from the results 
in the table. This molar volume dependence has already been seen in tfre plot of log 
6, vs. log V for the n-alcohols in Fig. 1. The consequence of this dependence is that 
dipole forces reduce more rapidly with molar volume than hydrogen bonding forces. 

The calculation of 6, and 6, for non-self-associating species requires the heats 
of hydrogen bond formation determined by procedures such as infrared spectra- 
SCOPES, N_MR35 and calorimetryj6. We have selected the bH values measured by 
Arnett et aL3’ and Drag0 et ai.= for this paper. 

Our first task is to relate the values of 6,8, determined for the n-alcohols to 
the heat of hydrogen bonding. For a given rz-alcohol: 

where C* is a proportionality constant common for all n-alcohols. The value of dHhb 
for n-alcohols is taken as -5200 cal/m0le3~. For Pz-alcohols from methknol to n- 
hexanol, we find a value of C* equal to 1.8 & 0.05. 

Consider next the hydrogen bond interaction of n-butanol with a series of 
bases, dHhb values of which have been published3’. We may alter eqn. 27 to 

The assumption is made that ‘Je value of C’ remains the same as that obtained for 
the n-alcohols. The consequences of this assumption are discussed shortly. From the 
dHhb values for a series of bases interacting with n-butanol, &, values are obtained, 
as shown in Table I. The 6, values for acids can then corre$pondingy be calculated 
from AH,_., values with given bases and are a@n shown in Tab& I. 

For a difunctional base stich as dioxane, the.conentration of base groupings 
is twice as great as for nonofunctional bases. The Bb value cakn~ated from A&, 

must therefore be mukiplieci by 1/2; hence the 6b value of 4.6 for dioxane as seen in 



T2ble 1. FOF substtmces suck as phenol which seI&ssodate in the pure liquid state, 
tie pbposite hydrogen-bonding parameter czn be CaIcrrIated from the ener_w of 

vaporization 2nd eqn. 2. 
k cursor~i examination of the +duei of 6, and 6, in Table I reveals that the 

order of substances in terms of “proton don2ting” 2nd “proton accepting" ability is 
c@ititiveZy correct. Thus, proton acceptors such 2s pyridine 2nd dimethylstdfoxide 
are found to Gve higher 6, values tk2n weaker xceptors suck as &ethyl ether and 

methyl ethyl ketone. A closer examination is shown in Table IV where & values for 
common basic solvents 2re listed. As already noted, the 6, values 2re dependent OR 
molar volume. _MubZipticxtion of 6, by tie square FOOT of the molar volume makes the 
proton accepting parameter proportional to ‘rhe heat of hydrogen bonding, which to 
2 first approximation shotdd not depend on the size of the moIecule (s&c 2nd 
electronic effeas 2re assumed ne&ibIe). Some changes in the order of the solvents 
is observed with this correction. Thus, tertiary amine is found to be 2 stronger ac- 
ceptor than su!foxide while the 8,, v&z of triethylamine is smaller thhan that of di- 
methylsulfoxide. It should also be emphasized thhat hydrogen bonding is only one of 
several PO& intenctions. Thus, while acetonitrile appears to 2ccept protons fess readily 
th2n pyridine (Table IV), the former solvent may often be more “polar” 2s 2 result of 
its large a0 value. 

TABLE iv 

PROTQti ACCEPTOR ABILITIES OF VARIOUS SOLVENTS 

Solvent 

AIkams 
Benzene 
n-B&y1 chloride 
AsG.iole 
Diethy sulfide 
Ethyl acetate 
Diethyl ether 
Ethyl meffiy1 ketone 
Acetonitrile 
Quino!ine 
N,N-Dime’Jlylacetamide 
Triethylamine 
Pyridine 
DimethyIsuIfoxide 
n-Fropy Iamiae 
r;-propaaol 

- 0 0 
89 0.5 4.7 

104 1.0 13 
la9 2.7 17 
10s 3.6 27 
9s 2.7 27 

105 
90 ;-: z 
53 3:; 28 

11X 4.2 46 
92 4.5 43 

140 4.5 54 
81 4.9 47 
71 5.2 45 
s2 5.5 50 
75 4.3 55 

__- 

The vallres of 6,2nd CT&, must be considered approximate for several reasons. 

First, the model has neglected the entropy change involved in the formation (or dis- 
sociation) of a hy&ogen bond. A partr‘al correction for entropy is incorporated into 
the empiriczd consfant C*, 2s 2 linear relationship exists between A& 2nd AShb4*. 
However, ffie use of the same v&e fOF t? for zfi hydrogen bonding interactions i?s- 
smnes thstt 2 common equation of AH& and AS,, exists for all protog donating 2nd 

protoon accepting pa;S, which is clearly not correct. As we do not know the propor- 
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Fig 3. Plot of AR1 (rr-hexadecy!nitrik--n-hemdeane) w_ -gas-pk dipole momat for monofunc- 
tional group compounds. 

tionality constant of&&, and AS,, for all cases, the only reasonable approximation 
is to assume C* is constant throughout. 

Second, the assumption is made that dipole and induction forces remain the 
same whether or not hydrogen bonding occurs. While this assumption is open to 
argument, it needs to be noted that the practical si_rmifkznce is not great as genera!@ 
either hydrogen bonding or dipole interactions predomikzte when two polar mole- 
c&es interact. Nevertheless, in spite of the zpproximate nature of S, and a,, it is still 

possible to employ these parameters for classification of solvents agd adsorben@. 

This paper has detailed how the component parts of the solubility panmeter 
can be calculated from various non-chromatographiic data. Most emphasis has been 

pl2ced.on solvents; however, in a separ2te papeP the caIculati& of polar specific 
solubility parameters for adsorbents is detailed. That papeP also explores the reIa- 
tive acc~cy of the solubility p-meter approach, and its utility in gqfding.th& sekc- 

tion of spec& chro.rn2togr2pbic phases for giveen applicaticxs. The approach till ako 

be shown to provide a rational u&k&on of chromzto~ptic processes. 

Since the corn&ion of this manuscripk_ a paper on an eiptided solrrbility 
parame:er approach for estimation of chrom&tographic retention h& appezzxF3- 
W7iik that paper $%Kows along Enes sim3ar 80 the agproach taken in the present work, 

there are some important d@eren& which w&be dzburated.tiporx @sewherelg,‘ 



_ : ’ ~Profess&t k k. Ka~ge; gatefully acknowledges the- National Institutes of 
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Gas-liquid chromatographic data can be conveniently used to calculated’,, and 
hence the relative contributions of dipole orientation and induction to the solubility 
parameter. Consider the retention of n-al&me solutes (i) on n-hexadeczne (j). Since 
only dispersion forces are present in this system 4EElC can be written asl9 

(A-1) 

The 4Ec,, can be c&ulated from the S,, values of the n-atkanes and Si, for pz-hexa- 
decane (& = 8). A plot of 4EelC VS. carbon nrrmber II results in a straight line. A feast- 
squares analysis of this line between n = 4 and pt = 8 results in the generalized expres- 
sion 

43Glc = -1240n+500 (A-2) 

LIE& values for polar solutes of retention index RI can now be calculated from 
eqn.A_2,srrbstitrrtingRIf100 for IL The RI values at 22-23” for polar solutes are ob- 
tined from Kov&s and Weiss 3x Eqns. A-2 and 6 can then be combined to give . 

_sfa = 
12@ j$ - 500 f I’, (664 - 16 S:, 

16F’, (A-3) 

where dd = 8 for n-hexadecane. The 6i, values of Table II are calculated from this 
equation. 
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