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Effects of molecular association on mutual diffusion: A study of hydrogen
bonding in dilute solutions

J. G. Lu, Rita Kong, and T. C. Chan?
Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong

(Received 23 September 1998; accepted 6 November) 1998

Diffusivities of pseudoplanar molecules at trace concentration in methanol have been measured at
298.2 K using Taylor’s dispersion method. The data of the polar and nonpolar aromatic solutes are
compared, and the effects due to solute—solvent interactions on diffusion, together with the
solvation numbers, are determined. In this study, the effects are combined with the recently
developed solute hydrogen-bond scales to unravel hydrogen bonding between solute and solvent. It
is found that the degrees of association of the solutes with methanol decrease in the sequence
hydroquinone-aromatic acids phenols>aromatic aminesaprotic aromatic compounds. Except

for o-nitrophenol, which is capable of intramolecular hydrogen bonding, all aromatic acids, phenols,
and amines studied behave more as hydrogen-bond donor than acceptor in methanol. The present
work also indicates that motions of associated molecules can be understood in terms of the
molecular behavior of nonassociated solutes and the hydrogen-bond acidity/basicity of polar solutes.
© 1999 American Institute of Physid$$0021-960609)52306-4

I. INTRODUCTION mutual diffusion coefficient of a solute capable of hydrogen

Hvd bonding has | b biect of intensi bonding with acetone at one site can be described in terms of
ydrogén bonding has long been a subject ol INtenSIVe, diffusivity of a nonassociated solute with similar mono-

research efforts because of its importance in chemical and. = <o 2nd shape and the 1:1 solute—solvent interaction

biological systems. Current reseaf‘?h problems such at§nergy determined frorab initio molecular orbital calcula-

self-assembfy and molecular recognitiGnare largely con- ions. The relationship is as follows:

nected with hydrogen bonding. Although experimental andI ' '

theoretical publications on hydrogen bonding abotihdy- 1/D%,=1DY,+AD}, D)

ever, our understanding of this molecular phenomenon i@vhereDA is the diffusivity of an associated solut®Y, is
dilute solutions is still in its relative infancy. Recently, there . diffugvity of a similar nonassociated solute ah'g—l
has been a considerable amount of interest in the study of the . o ~acs reciprocal diffusivitji.e., the diffe}enceli)e-
role that hydrogen bonding plays in solvatibii.In previous tween 1D/i\z and 1D,£12) which is a fun’ction of 1:1 solute—

10,11 ; ; .
;vl?rg(ﬁent;v?odg\éi?g?r?eatr:getrz(l)adti\(/); ﬁ;zg (tjrl]ffl:)sfmhn dr?saésolvent interaction energies. For complex systems where hy-
bonding and the number of solvent molegules as}slocigte rogen bonds are possibly fo_rm@hd brokep at multisites

: ) - : in different (unknown proportions, however, solute—solvent
with an (zja_rlomatlcl splute h(.:ontalr;:ng ﬁne poIar_ funcg?n"’llinteraction energies are difficult to be evaluatedalyinitio
g:g\lji%én mlol:;eiigiua(t)sn.irnolihrge;ocl)ut,e ngﬁ/ \;irt’ ;ztg:‘;ctigntgmolecular orbital calculations. In the present paper, we dem-
Igor example, in th% case where both solute and solvent mOP_nstrate that\D ' is also related to the recent!y.devell*oped
ecules are ca,\pable of being hydrogen-bond-doH&D) and moleculgr_scaléé‘ of ov_erall hydrogen-b_ond acidityX(a™)

and basicity & 8"), which are the relative hydrogen-bond-

12 ;
hydrogen-bond-acceptgHBA)," " the solvation number cal- donating and -accepting tendencies obtained from linear

C:E‘fgﬂg% th_|ss dmgtzogl c:nglottg|;fer:r|:_téatlzr\/tvhe;h;r d?r/]%rroi‘ree—energy relationshifl. FER). Details of the construction
9 INg IS due exclusively particutar typ “of the scales have been reviewed by Abratamhe main
acceptor pairing or whether it is a result of a mixture of both

bjective of this work is to obtain a better understanding of

types of interactions existing between solute and solveng1 - -
yp ) i 9 o e molecular dynamics of associated molecules and the na-
molecules in the solution. In the latter case, it is also of

: ! o . ture of hydrogen bonding, in particular the relative behavior
interest to find out quantitatively the extent to which eachOf solutes as HBD and HBA, in dilute solutions. The ap-

type of donor—acce_pto_r pairing occurs. N on_etht_ales_s,_ COmf)roach is via the study of the effects of molecular association
plex hydrogen bonding in very dilute solution is still difficult

: . on mutual diffusion.
to study by current experimental methods, and it appears that ua usio

investigations of this kind have not been reported in the lit-

erature. Il. EXPERIMENT
In another recent papét,we showed that the limiting Mutual diffusion coefficients at infinite dilution were
measured by the Taylor dispersion method, known also as
dAuthor to whom correspondence should be addressed. the chromatographic peak-broadening technique. In this
0021-9606/99/110(6)/3003/6/$15.00 3003 © 1999 American Institute of Physics

Downloaded 20 Jan 2012 to 158.132.161.9. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



3004 J. Chem. Phys., Vol. 110, No. 6, 8 February 1999 Lu, Kong, and Chan

method, a small sample of a dilute solution is injected into a Bifunctional Solutes ~ Aromatic Solutes Aprotic Solutes
stream of solvent in a capillary tube. Taylbhas shown that 9 a
for a laminar flow, the combination of flow and diffusion W@-OH Cl'@‘“’“ @‘C‘“

results in a Gaussian distribution of solute along the tube. Hydroquinone p-Chiorobenzoic acid Benzaldehyde
The diffusion coefficient for liquids can be determined from

the equatioh’ on 9 i
H3C~©-C-OH C-H
NO, cH
— 2 2 Ni I L
D,=0.2310R%, /(Wy,,)2, @) o-Nitrophenol p-Methylbenzoicacid o4 o idehyde
whereD 1, is the mutual diffusion coefficienR is the inter- OzN@OH P @_
henols NO,

nal radius of the diffusion tub¢, is the residence time of the p-Nitrophenol
solute in the tube, and/,, is the width at half-height of the

=}

=
Z
3
S
@
=
5]
=
(]

eluted peak. Phenol

The experimental setup and procedures for measure- @N"z
ments of mutual diffusion coefficients were similar to those a oH o-Nitrotgﬁfe e
described previously? Briefly, the diffusion tube was an Chiorophenol
85.7 m length of 304 stainless-steel tube of 1.59 mm o.d. and Aromatic Amines i P
0.98 mm i.d. The capillary tubing was coiled in a 40 cm- ——— — @-E-cn,
diameter circle and placed in a constant-temperature bath @-NHZ @0“ ' Acetophenone
which was controlled to 298.1350.02 K. A 50uL sample of Aniline oCroont

a dilute (~1% concentration by weightsolution was in-

jected through an injection valveRheodyne, model 7725 CI_@NH
into the solvent stream. To ensure laminar flow, the solvent :
flow rate was adjusted so that the constant volume flow was
only between 0.1 and 0.2 dmin™ 2. In this work, the sol-

Ii
@—C—CH_,,

m-Methylacetophenone

=]
[%)
:
=}
=
=]
%)
[9}

-Cr

[y
w
2

p-Chloroaniline

R~

OH
vent was delivered by a Bio-Rad HPLC purmpodel 1350 @Nﬂz @@ @_CN
with a flow rate precision of-0.1%. At the end of the dif- H;C
m-Toluidine I-Naphthol Benzonitrile

fusion tube, the solute dispersion peak was detected with a
Dynamax differential refractometémodel RI-1) with output
to a chart recorder. "aC@NHZ
In the present study, the solute mesityle@8%,
Riedel-de Haenwas purified by fractional distillation; ben-
zene(99.9%t+, Aldrich), chlorobenzen€99.9%+, Aldrich), FIG. 1. Structures of the polar aromatic solutes investigated.
toluene (99.5%, E. Merck ethylbenzeng(99%+, BDH),
naphthaleng¢99%+, BDH), n-propylbenzeng99%, Fluka,
1-methylnaphthaleng98%+, Aldrich), biphenyl (99%+,
Koch-Light), hydroquinong(99%+, Aldrich), o-nitrophenol
(99%+, E. MercK, p-nitrophenol (99.5%+, E. MercK, For nonassociated solutes with similar shape diffusing in
p-chlorobenzoic acid99%, Aldrich), p-methylbenzoic acid a given solvent, we have recently obserfeflom experi-
(99%+, E. MercK, phenol (99.5%, E. Merck o-cresol mental measurements at constant temperature that
(99%+, E. Merck, p-cresol (99%+, Fluka, l-naphthol N
(99%+. Aldrich), 2-naphthol (99%, Aldrich, aniline 1D=kV+e, ©
(99.5%, Aldrich, p-chloroaniline (99%+, Fluka), WhereDT2 refers to the limiting mutual diffusivity of nonas-
m-toluidine (99%+, E. MercK, p-toluidine (99.9%, Ald- sociated solutek andc are constants, and represents the
rich), benzaldehyde(99%+, E. MercK, o-tolualdehyde molecular volume of solutes. In the above study, 8j.has
(98%+, E. Merck, nitrobenzene (99%+, Aldrich), been demonstrated to be applicable for solutes ranging from
o-nitrotoluene(99%-+, E. MerckK, acetophenon&9%, Ald- 80 to 320 R in size. Table | shows the literature values of
rich), mmethylacetophenon@®8%+, Aldrich), benzonitrile  limiting mutual diffusion coefficient of pseudoplanar solutes
(99%+, E. Merck, and benzl cyanidé99%-+, E. MercK in acetone at 298.2 K. Also presented in the table are the van
were used as received. All solutes are pseudoplanar aromatier Waals(VDW) volume and the hydrogen-bond acidity of
compounds with similar shape; the structures of the polasolutes. For the nonassociated solutes in acetone, a linear
solutes studied are shown in Fig. 1. The solvent methanaikelationship was indeed found between the reciprocal of dif-
(99.9%+, Aldrich) was degassed before use by ultrasonicfusivity and the molecular volume of the solufésThe rela-
bath. At least three measurements were made to obtain teonship at 298.2 K can be represented by the following ex-
diffusion coefficient. All data were recorded at 298.15 pression:
+0.02K, with temperature measured using a Beckmann Ny—1 o 3,83
thermometer calibrated with a certified thermoméd@aird (D) /10° m™?s=141x10 °V/A®+0.131, )
and Tatlock, No. GDZ27736The precision of our data was whereDY, is the limiting mutual diffusion coefficient and
generally within*=1%. is the van der Waals volume of the nonassociated solutes.

OH
@-CHZCN

p-Toluidine 2-Naphthol Benzyl cyanide

3

lll. RESULTS AND DISCUSSION
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TABLE |. Limiting mutual diffusion coefficients of pseudoplanar solutes in acetone at 298.2 K.

VDW vol/A®2  ply1079m?s? D10 OmPst  CalDY/10°m?st  Soff  Cald D10 °m?s?

Nonassociated solutes

Benzene 81.1 4.070.04 4.07 0.00

Chlorobenzene 97.2 3.#0.02 3.73 0.00

Toluene 97.6 3.750.09 3.72 0.00

Ethylbenzene 113.8 3.450.02 3.43 0.00

Naphthalene 125.4 3.250.09 3.25 0.00

1,2,4-Trichlorobenzene 129.3 318.02 3.19 0.00

Propylbenzene 130.0 3.24.09 3.18 0.00

Mesitylene 130.7 3.160.03 3.17 0.00

Bipheny! 152.4 2.820.09 2.89 0.00
Aromatic acid

Benzoic acid 109.0 2.62 3.51 0.59 2.66
Phenols

Phenol 89.6 2.930.0F 3.88 0.60 2.86

p-Chlorophenol 105.7 2.660.03F 3.57 0.67 2.61

p-Cresol 106.2 2.720.03 3.56 0.57 2.71

1-Naphthol 133.9 2.440.0Z 3.12 0.61 241

2-Naphthol 133.9 2.4£0.0Z 3.12 0.61 2.41
Aromatic amines

Aniline 93.8 3.1720.04 3.80 0.26 3.29

p-Chloroaniline 109.9 2.920.03 3.49 0.30 3.00

p-Toluidine 1104 2.940.0F 3.48 0.23 3.10

@The values are averages from Refs. 19-22.
SFrom Ref. 18.
‘From Ref. 13.
dFrom Ref. 23.
®From Ref. 10.
'From Ref. 14.

Equation (4) fits all data within 1.9%, and the correlation methanol at 298.2 K. A linear relationship between the re-
coefficient is 0.996. Table | also shows the calculated valuesiprocal of diffusivity and the molecular volume of the sol-
of DY, from Eq.(4) for all solutes at their monomer's van der utes was obtained as follows:

Waals volume for comparison. For solutes capable of asso- Ny -1 o 383

ciating with solvent molecules\D ;' in Eq. (1) can thus be (D) ™10 m™*s=2.30x10"*V/A%+0.193. ©®
obtained by subtracting ED/l“Zfrom the experimental value of Equation(6) fits all data within 1.6%, and the correlation
1/D%,. Since acetone can act only as an HBA, it is reasoncoefficient is 0.997. The linear regression line is shown in
able to apply the framework Eql) such thatAD;," is not  Fig. 3. The relevant data for solutes capable of association
only a function of the 1:1 solute—solvent interaction energywith methanol are given in Table Ill. The effects of solute—
as previously reportetf but alternatively also proportional solvent interactions on diffusion are presented as deviations
to 3 o™ (the relative hydrogen-bond-donating abilityf sol-
utes. A plot ofAD,} vs S o for all solutes is displayed in
Fig. 2. In fact, all values oz‘&Dl‘zl were fitted fairly well by

the following equation with only one parameter: 20
AD10° m 2s=0.1548 ", (5) "

« 1.0 |
<
The standard deviation of the fit is 9820 3. When Eq. Z

1
12

(4) and Eq.(5) are substituted into Eq1), all values calcu-
lated for D4, agree with the experimental values within
5.5%, the average deviation being only 2.2%. The calculated

AD;

D’ values are also listed in Table |. o b . .

The above results encouraged us to further investigate 0.0 0.4 0.8 1.2
correlation betweetA D" and the overall solute hydrogen-
bond scales for other systems, and to use it for probing com- Zot

plex hyd.rOgen bondmg’ n _partlculgr .b.etween pOIG.lr Sqlutq:IG. 2. Variation ofADl’Z1 with hydrogen-bond acidity of solutes in acetone
and protic solvent. Table Il lists the limiting mutual diffusion 4 2982 K:(A) nonassociated solute&7) aromatic amines(O) phenols,
coefficients of some nonassociated aromatic compounds imd(0J) benzoic acid.
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TABLE II. Limiting mutual diffusion coefficients of nonassociated
pseudoplanar solutes in methanol at 298.2 K.
0.8 [ .
VDW vol/A®? D10 9 m?st ”
a
Benzene 81.1 2.610.02 ,j
Chlorobenzene 97.2 2.400.02 = 06r
Toluene 97.6 2.420.02 -~
Ethylbenzene 113.8 2.230.01 Q
Naphthalene 125.4 2.680.02
Propylbenzene 130.0 2.88).01 0.4 1
Mesitylene 130.7 2.020.01 . . . . ,
1-Methynaphthalene 141.9 1.8@.02
. 4 160
Biphenyl 152.4 1.8%0.02 80 100 120 140

ViA®

FIG. 3. Variation of 1D, with molecular volume of solutes diffusing in
methanol at 298.2 K(A) nonassociated soluteé®) hydroquinone,(4)
(ADl‘Zl) from the “nonassociated” line in Fig. 3. The ef- p-nitrophenol,(M) o-nitrophenol (1) aromatic acids(O) phenols,(V) aro-
fects vary from relatively small for aprotic solutes to a large Matic amines, and¢) aprotic solutes.
92% in the case of hydroquinone. In this study, the decrease
in D4, of the polar compounds cannot be attributed to
solute—solute interactions, as the solutions are very dilutpolar solute due to hydrogen bonding can actually be evalu-
and methanol is polar. ated fromAD,'. This is equivalent to the increase in the
The degrees of association of solutes with solvent can bean der Waals volume that produces such an amount of
revealed from the solvation numbers, which are found byl/D,, deviation on the nonassociated line. The solvation
considering in the diffusion process that a polar solute immumbern, which is the average number of methanol mol-
diffusing to a certain extent as a solute—solvent complexecules associated with a solute in this study, can be calcu-
instead of only as a monomer. The average size increase oflaed by dividing the solute volume increased by the van der

&The values are averages from Refs. 19-22.

TABLE Ill. Limiting mutual diffusion coefficients, solvation numbefs), and percent HBA/HBD of associated pseudoplanar solutes in methanol at 298.2 K.

VDW vol/A®? D3y10 °m?*s ™t calD\y10 °m?st Sabc sphc calDfy107 o mPs? n %A %B
Bi-functional solutes
Hydroquinone 98.1 1.250.01 2.39 1.16 0.60 1.25 48).4 88t4 12+2
o-Nitrophenol 112.6 2.020.02 2.22 0.05 0.37 2.02 0.1 332 67+11
p-Nitrophenol 112.6 1.500.02 2.22 0.82 0.26 1.42 2.2 924 8x2
Aromatic acids
p-Chlorobenzoic acid 125.1 1.4®.02 2.08 0.63 0.27 1.47 2t0.2 894 11+2
p-Methylbenzoic acid 125.6 1.390.01 2.08 0.60 0.38 1.46 30.2 85t4 15+3
Phenols
Phenol 89.6 1.690.02 2.51 0.60 0.30 1.68 240.2 88t4 12+2
p-Chlorophenol 105.7 1.580.01 2.30 0.67 0.20 1.56 289.2 924 8*2
o-Cresol 106.2 1.6320.02 2.30 0.52 0.30 1.64 2t30.2 86t4 14+3
p-Cresol 106.2 1.580.0° 2.30 0.57 0.31 1.60 2#40.2 87+4 13+3
1-Naphthol 133.9 1.460.01 2.00 0.61 0.37 1.42 2t30.2 86t4 14+3
2-Naphthol 133.9 1.450.01 2.00 0.61 0.40 1.42 20.2 85t4 15+3
Aromatic amines
Aniline 93.8 1.94:0.02 2.45 0.26 0.41 1.94 140.1 703 30+5
p-Chloroaniline 109.9 1.780.01° 2.25 0.30 0.31 1.80 150.1 78:3 22+4
m-Toluidine 1104 1.86:0.02 2.24 0.23 0.45 1.83 0.1 65-3 35+6
p-Toluidine 110.4 1.790.02 2.24 0.23 0.45 1.83 140.1 653 35+6
Aprotic solutes
Benzaldehyde 101.3 2.¥0.02 2.35 0 0.39 2.19 0250.1 0 100
o-Tolualdehyde 117.9 1.980.02 2.16 0 0.40 2.02 0360.1 0 100
Nitrobenzene 104.1 2.280.02 2.32 0 0.28 2.20 0#40.1 0 100
o-Nitrotoluene 120.7 2.070.02 2.13 0 0.27 2.04 0:20.1 0 100
Acetophenone 117.0 2.60.02 217 0 0.48 2.00 0430.1 0 100
m-Methylacetophenone 133.5 1:90.02 2.00 0 0.49 1.86 0:30.1 0 100
Benzonitrile 100.6 2.250.02 2.36 0 0.33 2.23 0:30.1 0 100
Benzyl cyanide 116.8 2.000.02 217 0 0.45 2.02 0250.1 0 100

@The values are averages from Refs. 19-22.
bFrom Ref. 10.
‘From Ref. 14.
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and3 g4 from 0.20 to 0.60. Similar to the case of acetone,
the calculatedD?, values are listed in Table Ill. The values
are obtained by substituting Eq$) and(8) into Eq.(1). All
calculated values d’r)’f2 agree with the experimental values
. within 5.7%, the average deviation being only 2.1%. It
should be noted that-nitrophenol ang-nitrophenol are two
isomers with similar size, mass, and shape. Nonetheless,
their diffusivities as shown in Table Il differ by 34%. Re-
markably, our model above indeed predicts the large diffu-
L L L sivity difference between the two isomers. The good agree-
0.0 20 4.0 ment between experimental and calculated valueD9f
, y . supports our model, and indicates that the diffusion behavior
Cal’d AD,/ 10°m"s of associated molecules can be understood in terms of the
. ) _ general diffusion behavior of nonassociated molecules and
FIG. 4. Comparisons between experimental and calculated vaImBQf: . . .
(©) aprotic solutes(V) aromatic amines,O) phenols,(CJ) aromatic acids, the relative hydmgen'bond'qonatmg and -accepting proper-
(®) hydroguinone, an¢M) nitrophenols. ties of solutes. Also shown in Table IIl are the calculated
relative contributions ofA and B to AD,; as calculated
from the fit of Eq.(8). SinceA is the effect due to solute
Waals volume34.8 A of the methanol monomer. The sol- acting as an HBD an@ from solute as an HBA, the values
vation numbers thus determined for the polar solutes, toin Table Il suggest that hydroquinone, aromatic acids, and
gether with their estimated errors, are also given in Table Illphenols predominantly act as HBDs in methanol, although
It is noteworthy that for solutes containing the same polathese molecules also perform as HBAs to the extent of about
group(e.g., the phenojsthe solvation numbers are approxi- 8%—15%. For aromatic amines, our results show that these
mately equal. This indicates that the degree of associatioBompounds behave on average ca. 70% as HBDs and ca.
is mainly dependent on the type of polar group attached30% as HBAs. It is of interest to note thanitrophenol acts
From Table lll, the degrees of association of solutegmainly as an HBA insteat7% as an HBA and only 33% as
with methanol through hydrogen bonding decrease in th@n HBD), whereas the isomep-nitrophenol is 92% HBD.
sequence hydroquinor@romatic acids phenols-aromat- ~ Clearly, intramolecular hydrogen bonding @nitrophenol
ic amines>aprotic aromatic compounds. It should be notedrestricts its proton to form an intermolecular hydrogen bond
that all aprotic aromatic solutes studied are only weakly aswith methanol. In general, it appears that a solute’s ability of
sociated with methanol, which may be due to their lack ofbeing HBD rather than HBA is more important in determin-
hydrogen-bond-donating nature. Also, it is interesting thaing AD," or the degree of solute—solvent association in
the values ofn for hydroquinone andp-nitrophenol are methanol.
nearly additive, i.e., they are contributed from each polar
group with —OH=2.4 (seen for phenol$ and — NO,=0.1
(seen for nitrobenzeng
Unlike acetone, methanol can act as both an HBD and afy, coNCLUSION
HBA, and thereforeA D, for the associated solutes can be
considered as having two contributions from different inter-  We have demonstrated in this work that the effects of
actions as follows: hydrogen bonding on diffusion can be correlated with the
AD1=A+B @) scales of hydrogen-bond acidity and basicity, and that ex-
12 = : ; o ; ;
perimental diffusion data can be used to yield useful infor-
In Eq.(7), A is proportional to solut¢HBD)—solvent(HBA)  mation concerning hydrogen bonding in dilute solution. For
interactions, andB is contributed from solute(HBA)—  solutes containing one polar group, the degrees of solute-
solvent (HBD) pairing, i.e., AMEaQEBT, and B methanol association decrease in the sequence aromatic
OCE,BSE a[' where subscripts 1 and 2 denote solvent and solacids>phenols>aromatic aminesaprotic aromatic solutes,
ute, respectively. For dilute solution in methanol, the acidityand all aromatic acids, phenols, and amines studied act
and basicity of the solvent can be considered constant, andlainly as hydrogen-bond donors in methanol. For solutes
Eq. (7) can be rewritten as capable of hydrogen bonding at multisites, the existence of
—1_ H H intramolecular hydrogen bonding can weaken the HBD ca-
ADy; =aXaz +b3 5, ® pability of solute); asgwell as the intermolecular interactions
wherea andb are constants at a given temperature. Equationwith solvent. Our data generally indicate that the degree of
(8) with a=0.287+0.010 and b=0.079+0.013 fits all solute—solvent association in methanol is largely dependent
AD;}/10° m~2s in Table Il within 0.04 units, and compari- on a solute’s ability as HBD, while HBA plays only a minor
sons between the experimental and calculated values oble. More importantly, we have presented a model here that
AD 1’21 are shown in Fig. 4. The agreements are reasonable ican successfully predict diffusivities of associated molecules
consideration of the experimental errf@a. 1% of the dif-  in methanol. Here, the implication is that theories for mo-
fusion data and the uncertainfga. 0.03 unitsin theEa? tions of associated molecules may possibly be built upon
and3 B4 values. In this studyX o} varies from 0.00 to 1.16, those for nonassociated onés.g., the rough—hard-sphere
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theory) in terms of the strength of association or the relative °G. Sese and J. A. Padro, J. Chem. P8 6347(1998.
hydrogen-bond-donating and -accepting properties of mol-*M. Masella and J. P. Flament, J. Chem. PH28 7141(1998.

ecules.
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