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EXCESS THERMODYNAMIC PROPERTIES OF myo-INOSI’I’OL AND 

POLYHYDRIC ALCOHOLS IN WATER AT 25” 

ABSTRACT 

The excess thermodynamic properties of aqueous solutions of myu-inositol 

have been determined at 25” and differ remarkably from those of pyranosides. New 

excess-enthalpy data for aqueous solutions of mpo-inositol and acyclic polyhydric 

alcohols are treated by a group-contribution approach that reveals subtle, but 

probably significant, differences in the parameters characterising the same func- 

tional groups in both sugars and polyhydric alcohols. 

INTRODUCTION 

The excess thermodynamic properties St 25” of some polyhydric alcohols in 
water have been reported ‘-’ The limiting properties depend on solute-solvent in- . 

teractions, whereas excess properties depend on solute-solute interactions and on 

the changes in solute-solvent and solvent-solvent interactions as the concentration 

is varied. For solutions of simple non-electrolytes in water, none of these interac- 

tions prevails and controversy has arisen about the interpretation of the data. We 

have hypothesised that the behaviour of polyhydric alcohols in aqueous solution is 

very different from that of monofunctiona1 alcohols, which are mainly hydrophobic 

solutes”. Preliminary data’.2.hm-8 suggested that polyhydric alcohols can be com- 

pared with hydrophilic monosaccharides. On the other hand, polyhydric alcohol 

molecules are simpler than those of sugars. since they lack the hemiacetal group 

and show less-complex conformational equilibria. However, examination of the ex- 

cess enthalpies of the polyhydric alcohols shows that they differ appreciably from 

those of the sugarsj, and that only the first terms of the series are comparable. As 

molecular weight increases, the behaviour of polyhydric alcohols changes drasti- 

tally 

We now show that this is also true for mvo-inositol which. in spite of the 

structural analogy with the pyranosides, has a completely different behaviour. 

These conclusions arise from the excess free energies, enthalpies, and entropies of 

aqueous solutions of myo-inositol, whereas the limiting properties do not reveal 
these differences“~“‘. We report also the excess enthalpies of some ternary aqueous 

solutions of isomeric polyhydric alcohols. The properties of the corresponding hi- 
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EYPERlClENT,lL 

Matrriols. - r~zv~+Inositol. I)-mannitol. galactitol. and Lb 2nd I -arahinltol 

were recrystnllised from I : I cthrinol-water’. and solutions u’crt‘ freshI! prepared 

by weight. using douhl?, cllstillcd and dega~sed water. and pr-otcctcd iron1 bacterial 

contamination. 

Isopiestic gravimetric measurements wcrr performed al 25 ::(l.iP h> iI 

known preccdurc” “. Osmotic coefficients were obtained tram the knoun 

molalities and isopiestic osmotic coetficient$ of the KC’1 rcfcrencc solution\: 

where m is the mean molalitv of three or four sample solutions at thr end 01 each 

equilibrmm esperiment. The data ot Stokes and Robinson” uere uacd for KCI. 

The cnthalpies of dilution of the binary and ternary solutic>ns vlcrc clett~rm~ned”’ 

using an LKB lU700-I How mlcrocalorimetcr at 25 -cO.O?.. The \alua of the heat< 

of dilution AIF”’ for binary solutions from the initial (m,) to the final mol;ilit) (m) 

were obtained from the total mass flow-rate of water. P,. and the normali\cd heat- 

flux. dQ/dt. using Eq. 2. 

Repeated electrical calibrations were carried out for each aet of runs. In an analog- 

ous manner. the heats of dilution for the ternary ~lqurous solutions, frcvn the initial 

(m,, and m,.,) to the final aqua-molallties (m, and m, ). were ohtaincd from F:q. .q, 

AP [(m,,). (m,,)-+(m,. In,)] = - (dO.idt):P, (.?I 

The -IHd” values are expressed in J, kg ’ of water In the linal solutions 
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THERMODYNAMICS 

The excess thermodynamic properties, at constant temperature and pressure, 

of a binary solution of a non-electrolyte x in the solvent w can be expressed by virial 

expansions4-6 as a function of the molality5~‘h i9: 

GE(m) = gX,m2 + gXXXm3 + . . . , (4) 

H”(m) = h,,m2 + h,,,m3 + . * ., (3 

TS”(m) = T.s,,m’ + Ts,,,m3 + . . . , (6) 

where Gn, H”, and TS” are the excess free energy, enthalpy, and entropy, respec- 
tively. 

The coefficients of Eqs. 4 and 5 were obtained by interpolation of the experi- 

mental osmotic coefficients’4 and heats of dilution5*‘h-20, respectively. 

The excess properties for ternary solutions are defined similarly to those for 
the binary solutions 55’8,21. The virial expansion for the enthalpy is 

IIE(mX, my) = hiXm,2 + 2hXymXmy + h,,m,2 + h,,,m,3 + 
+ 3hXXym~my + 3hXyymXmy2 + h,,,mz + . * . (7) 

To evaluate Hn(m,, my) and the polynomial coefficients of Eq. 7, the heats of dilu- 

tion of the binary solutions were determined, or calculated through the values of 

h,,, h,, etc., where known. The heats of mixing of two binary solutions can then 

be measured. In this instance, an auxiliary function AH** can be introduced, as de- 

fined2’ in Eq. 8. 

AH** = AHdi’ [(m,i), (myi)+(mxr m,)] - AHd” (mX,+mX) 

- A Hd” (m,i+mY) (8) 

It is possible to show2i that 

AH** = 2hxymy(mx - m,,) + 3hXXym,(m~ - n$,) 

+ 3hXyymy(mX - mXJ(mY + mYI) + . . . (9) 

By changing the x and y indices, a symmetrical expression is obtained. The AH** 

values, calculated using Eq. 8, are interpolated according to Eq. 9, giving the 

values of the cross coefficients. 

RESULTS AND DISCUSSION 

Aqueous solutions of myo-inositol. - Table I contains the experimental os- 

motic coefficients, the molalities of the relative solutions, and the data for the re- 



ferencc solutions at isopiestic equilibrium. The heats of dilution. as a function of 

the initial and final molalities, dre @en in Table II. The coefficients obtained are 

reported in Table ITT togethtr with their 15 ( 5 confidence limits. The intcrpolatlng 

polvnomials of hirl*h+i degree. the coefficients of which still exceed thrlr own 9.35 c 
confidence limits. wiry cho\cn. ‘l’hc reported values of II,, and II,,, ;ire 111 good ag- 

reement bath those found mdcpcndently hv Taskcr and Wood4 [ -SIX i- i 7 and ?I!5 . . 
i25 J.mol ’ (mol.kg ‘) ‘. rcspccttvelyj. On the other hand, we halt \hcwn-i that 

the known h,, values for the acyclic polvhvdric alcohol\ vary from + W for _ _ 
ethylene glycol to -249 for peraeltol (J~-~~~cf~~o-J~-Rr~~~(.~~~-hrptitol). I hc cnthalpic 

data indicate that myo-inoxitol 15 an extreme LXX among the p~$ hkdric :riccA~ols, 

but that its behaviour I\ partially similar to that of other motx-fcuiblc hexaols and 

heptaolc. All of the polyhydric alcohols arc chnracteriscd hy a negatict- zontrlhu- 

tion to /z,,. which becomes Inca-casingly important as the molecular uelght in- 

creases and also depends on the stereochemistry and on the \;ty:iration 01 hcdro- 

philic and hydrophobic domains on the solute moIccule~’ ‘. In fact. I)-giucltol. 

galactitol. and perseltol (as does mvo-inositol) show negative \aluc‘r for /I,,. 

whereas J)-mannitol behavcc in the same way as the homolopur~ of lower mc~lecu- 

lar uerght’. 

TiZR1.k 1 

osMo1l~ ~o~EFI~‘It.~I~foK~~li’r,-l\lo~llol 1VW4II.RAl 15’ 

‘rlh( i G‘Jl,h, r ~~I,,,,,, 

(I ii:5 11 OIl45 (! 637X 

0 ihYY I) YIpI (1 x54 

0.417’ 0 wll I Cl.7’14S 
II 404h I I XYOh I! ss1.5 

0 -lot(7 0 XYSO 11 Yil I 

tr.515-l I I SWh (1 YT 

iI .iiY-l if s4xn II WY7 

TAB1 E JI 

HI AlSOk I)11 I”l’loryoF HIYAZK\ -\01’f OI’\SOI I ,IoY~oF,~lr’O-,Yo~i,o, A, 25” 
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0 IOII il 0530 
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0 hOti II ‘137 
0 6hXH 0 .l43l 
0 501.1 il.Jhh? 
0.X% I 0 431’ 

0 h7Y3 i) 2244 

0 7015 0 ‘-lO(l 
0 743 (I313 
0 0071 (I3171 
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TABLE III 

CO1:FFICIENIS~ OF THE 1:X(‘I_SS FRFIS fiNEKCiY, ISI HAIPY, ANI) I:N I‘KOf’Y FOR AOl:t:OfS SOl.U’lX~NS OF tH)lO- 

INOSI’I‘OI. A.l’25” 

260 (55) -800 (29) - 540 

&ax’ h liiC 7&,,,’ 
.-_-_ ..---. -_- _ 

120 (61) 188 (28) h8 
._--_._ --- --- . __.. _~. __.I__ 

“The numbers in parentheses are the 959 confidence limits. %nits. J.mol-’ (mol.kg ‘) I’. Wnits: 

J.mol-‘(mol.kg ‘)-‘. 

The negative values of the excess free energies and entropies (determined by 

the second coefficients, in the explored range of modalities) amplify the large differ- 

ences between the aqueous solutions of myo-inositol and those of the monosac- 

charides”. Such differences suggest that different kinds of molecular interaction 

rule the behaviour of these solutions. The negative value of g,, [and the enthalpic 

and entropic contributions (h,, and Ts,,)] can be explained by two different proces- 

ses. namely, formation of water-mediated pairs of solute and (analogous to the 

explanation proposed for urcaZ’~~‘J) coalescence of “distorted” hydration cos- 

pheres with relaxation of water to the bulk, which is less rich in enthalpy and en- 

tropy. The first hypothesis is based on the fact that. in the McMillan-Mayer 
theory”.‘~,i”.‘~,~“h, g,, is not oniy a measure of the interaction of pairs of solute 
particles, but includes. implicitly, the variations of the solute-solvent and solvent- 

solvent interactions occurring in the concentration proces?.“. The formation of 

“contact pair” interactions cannot be excluded a priori, but the small value of the 

second coefficient and the strong solute-solute interactions”.“’ make this occurr- 

ence unlikely. In changing from monosaccharides (a maximum of four equatorial 

hydroxyl groups for P-D-xylopyranose and ~-D-glu~opyranose) to myo-inositol 

(five equatorial hydroxyl groups2’), the possibility of interactions among solute 

molecules in water seems to increase remarkably, in spite of the increasing strength 

of the solute-solvent interactions (comparable to an ionic hydration. as suggested 

by the limiting compressibilityY,“‘). F or sc_$yllo-inositol, the presence of six cquato- 

rial hydroxyl groups makes it easier to assemble the molecules into the crystal and 

to establish a network of hydrogen bonds. This could explain the very poor solubil- 

ity of sc_yEko-inositol’. However, the poor solubility cannot be assumed to be an in- 

dication of the formation of a contact pair. because of the different, highly 

cooperative, nature of the crystallisation process. 

The other cited process, namely, the coalescence of the “distorted” hydration 

cospheres, which is favoured for acyclic polyhydric alcohols. seems to be less prob- 

able, the similarities of the properties of myo-inositol with those of the acyclic 

homologues being fortuitous. The hypothesis of water-mediated pairs must be 

tested further. Even this interaction probably has some steric requirements. A 
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more complex explanation would involve the tirst and second hydration shells. in 

order to ascertain the total number 01 water molecules perturbed. their energ) 

state\, and their preferential reciprocal orientations. This would explain how. fnr 

r?lvo-inositol, relatwelv strong hvdration can dvnamlcally a~ci the solute solute. 

\v3ter-mediated Inter:lctlon\ (‘water-enhancid palring”‘\ ;~nd ho\+. for 

pyano~ldcs. weaker hydratlctn can prevent the wme proccx\. 

7‘116’ riifj2rcttccs iti iltc twhr~iour (I] tltc Jitncriottd group\ iti poivlivtlrtc ml- 

inhol~ mid ttiotto.rcrcchriritir.,: the prolrl?-c.otitrrhIlrlon r~pprorich. In TabI& IV and 

k,‘. the heats of dilution of ternary aq~~ecws solution\ of I)-mannitol. gal;lctitol. :tnd 

D- and I -arabtnitol art’ rep~>rted, together 111th the _!ff’ valuc~. the literature 

Lalues of II,, and Ii,,. and the /I,, values with the 95“~ contidcnw limit\ found in 

the present study. it can hc seen th:tt. wthin cxperlmcntal error. the \olutions of 

enentlomcrs have almwt equal v;tlues ior the 11 coefticient~ The wlutiorw of the 

polyhydric alcohols examined h:lvc values oi II,, intermediate het\\wn those ot the 

pnirwisc interaction cotzfticlcnts Ii,, :rnd /lYy. This \ltuatirm I\;+\ ;IISO tound for \~jlu- 

tions conbining ;i polyhydrw alcohol and cqclohcx;tnolJ. Thcw rcxults indicate that 

no other particular Interaction occurs in the ternary solutions with respect to the hi- 

nary ones” 
1 
‘. ‘l‘hrn. apart I‘rom the prows\ that detcrmincs the \ ;~luc~ obser\cd. 

the excesc enthalpies of the alcohols. polyhydnc alcohols. L 3nd qclitol4 c<In he uwcl 

to evaluate, for In\tancr. the mean contrihutionr t)f the functional gr-c)~~ps to the 

second corfticicnts Ii,,. Ii,, 

The additivtty princlplc IS often used ln chemical thermocl>namics tar 

separating the contribution< of groups of atoms. arbitraril\ choxcn. to the molecu- 

lar properties. When applied to solution propertics. the thcorctwl IUVS of th14 

prmciple is not well cstabllshed. However, lor the limltlng propertics 111 solution 

(as well 3s for pure substances). 2 sirnplc sum or 2 linear comhin;ltr<jn o\cr all the 

groups is sufticient2h. IJ\lns the Mchlillan-Mayer :rpproach. Llicwd and hlc. col- 

T:\BI.f: J\’ 
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TABLE \ 

HEATS OF 1)II.U I’IOU OF ‘l‘hKNAK\ AOUfiOUS SOI.I:TIOUS OF MANSII‘OI. (M) AhI) (iAl ACI’I 101. (G) AT 25” 

0.5X66 0.7750 0.2102 0 (1985 -8 x 2.3 
0.6287 0.2441 0.2253 0 1051 -10 Y -3.3 
0 6765 0 315-I 0.24’5 ().I131 -13 1 -4.1 
0 7648 0.3541 0.2731 0.1 x4 - 16.5 -4.5 
0 716X 0.3330 0 ‘ShY 0.1193 -15.0 47 
0.8102 0.3753 0 2904 0. 1345 -10.7 -5.9 

“h,,; 37.5(A), hMM h6( 12)‘. h<;,; -l32(SO)3 

leagues obtained an expression for the second virial coefficients of the excess en- 

thalpy’ and free energy’. The h,, coefficients, for instance, are given by the sum of 

all the contributions {II,,} obtained by coupling each group k of the solute 

molecule x with each group 1 of the solute molecule y (of the same or different 

species), as in Eq. IO. 

h,, = C n’kn7 {H~I), 

kl 
(10) 

where ni and nj’ are the numbers of identical groups of atoms on each molecule. 

This sum is a formal procedure. As for the 11,) coefficients, the values of the {ffkl} 

contributions can also be due to very different mechanisms. In the discussion. the 

expression “group interaction” indicates that the interaction can be solvent- 

mediated, or due exclusively to changes in the state of the solvent in the hydration 

cospheres, etc. Moreover, the arbitrary choice of the groups and the formal separa- 

tion leads to unknown contributions. due to the nearest-neighbour interactions, to 

each {Hki} value. The discussion on the physical meaning of the {If,,} values then 

requires care, as exemplified in the following. 

In a preceding paper’, this method was applied to monohydric and polyhyd- 

ric alcohols using -CHOH and -CH?- as representative groups (which generates 

three possible contributions {tlkl} ). According to Wood and his colleagues, the re- 

lationships CH = 0.5 CH2 and CH3 -= 1.5 CH2 were assumed, but tetrasubstituted 

carbons were not considered. We have sought to refine the group contributions by 

considering our data and also those of Tasker and Wood’, and to compare these 

group contributions with those obtained for saccharides and their derivatives”.“‘. 

The preferred representative groups are pure hydrophobic (-CH,-) and pure hy- 

drophilic (-OH); the contributions due to the CHOH-CHOH and CHOH-CIIZ in- 

teractions can be obtained by an appropriate linear combination3’ of the contribu- 

tions CH,-OH, OH-OH, and CH?-CH2. 

In Table VI, the values of h,, used to evaluate the {Hkl} contributions (by in- 

terpolation of Eq. 10) are given. together with the numbers of each functional 





tions evaluated from those of Wood and colleagues’~” [considering all the known 
data for aqueous solutions of non-electrolytes’) and by us ” (aqueous solutions of 
saccharides and derivatives, monohydric alcohols. ketones, and cyclic ethers). 
Other functional groups have also been considered. namely, peptide’ and disubsti- 
tuted oxygen “).“. Tn Table VII. only the contributions involving the latter group 
arc reported. It can be seen that the most important differences concern the 
{Hfl)rf.oH) contributions, the values calculated by Wood and co-workers being in- 
termediate, since the few data for polyhydric alcohols were not separated from 
those for the sugars. From the present data concerning polyhydric alcohols and 
sugars. a worst interpolation [a 2t220 J.mol-’ (mol. kg-- ’ )- ‘1 and systematic devia- 
tions of the calculated h,, values are obtained*. It is then assumed that the differ- 
ences between the {l-l OH,~rl} contributions in the two sets of data are signi~cant. 
The value [ -53 *S J.mol-’ fmol.kg~~‘)- ‘1 of {H off.OW) for the polyhydri~ al- 
cohols, compared to that ( -1 28) for the sugars, provides support for the 
hypothesis discussed above. In fact, the group-contribution approach seems to in- 
dicate that hydroxyl groups (and their cospheres) are mainly responsible for the di- 
fferences between sugars and polyhydric alcohols. Moreover, the {HOH,OW) value 
is almost ideal for sugars, suggesting that there are neither contributions to the sol- 
ute-solute interactions nor concentration-dependent perturbations in the soivent 
promoted by the presence of pairs of hydroxyl groups. The negative value for 
{f~ow,oH} found for the set of solutes including polyhydric alcohols and cyclitols 
does not contradict the above hypotheses. 

“iV~~te ad&f in pro~J The same conclusion can be Inferred trom one of the tnterpulatrons reported rn 

the recent paper of I. It. Taker and R. H Wood. J Sohtmn C‘hem , I 1 (10X3) 36948(3. 



A positive value for (II, ,l,.L-H,J is expected for hrclrc)phc+ic interac- 
tions~.17 1’)..‘7 and is in substantial &gxxmcnt with the value found h\ LV~~od anti 

co-w~rkers’~~‘. The positive value for ( li,,k,,c~k, } (as \vrll as for j fi,) ( ,, / ) is In a$- 

rcement with the positive values usuallv found for the overall, \eonci ~nthalpic 

coefficients for pairs ot co+ollltt’\, one ?redomin;mtl\ hcdropholxc (m~~nohvd~-rc . . 
alcohols, ketone. EIC. ) and one predominantly hydrophilic (c~.~g , ~krc,t)” :;, i:,_ 

nallt . the negntivc value of ( If, ,,( )) \houlJ be noted, which drrnon\tratc~ that polar 

groups, unable to interact directly ~‘11~ ;i H-hand. show ;t tav~,ural~lc cnth;llpic cc)n- 

trihution to the intermolecular Interactron\-“’ ” 

The croup-contributici~ approach is useful for making approximate prcdlc- 

tions about the propertiec ot unhnown armplc systems. hut It must he c,trcfulli cm- 

ployzd when speculations on the mechanism involkcd Ltrc m;~rlc. In f‘;rct. the : Qi,,i 
values are averages for dlffcrcnt \tt’rlc situutlons that cannot bc distlngulshcd on 

tho hasis of limited data. Morcova. the \eparation Into the ~;tr~ou~ contrlhutions 

can depend on the particular set of \ystern\ considered The n~~lre~t-nei~hhsnr Cf- 

fects can be significant and attrihuteci. in an uncontrollable manner. tcr cxti :/ILi) 

by the interpolation prcxxdux. I‘hr contribution duth to each glclup intcrzcting 

with a group in another molecule can depend cm the tntramolccul;u pc!-turb;llic>n 

affecting both. The nt:lrert-ncighhour effect could occur through induitiie eIfect4 

or through interaction\ involving the solvent cosphcrek lot the ncareat group\ Rc- 

cently, this aspect has htxn discuacd in detail‘i 

It is concludtxi ~irat the rt’sultr c,htained for these \tstem\. Mhich itrcrngiy de- 

pend on the stereochcmistr> of the sc)lutt‘z. arc not worse than tho4c’ conccrnirlg the 

aqutx~us solutions of other \lmple organic compounds. Hence, the dittcrences 

found among the same functional group on 4milar ~*I;Isc‘s 01 ~ul~\tanccs (c.,~., 

sugars and polyhydric alcohols) C:III tw assumed to br slgniticant. c‘\cn thijugh ~IL’CI- 

aged for different stercochemi~al cnvlrcjnments 

The authors thank I)r\. R. H. Wood and I. R. ‘I‘asker for prqxhllcation 

data. This work was supported by the Italian National Research Council (<‘ N.R. ). 
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