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The effects of molecular association on mutual diffusion in acetone

T. C. Chan,® N. L. Ma, and Nong Chen
Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic University,
Hung Hom, Kowloon, Hong Kong

(Received 8 April 1997; accepted 8 May 1997

Limiting mutual diffusion coefficients of aromatic compounds in acetone have been measured at
298.2 K by using the chromatographic peak-broadening method. The data of the polar and nonpolar
pseudoplanar solutes are compared, and the effects of molecular association on diffusion as well as
the solvation numbers are determined. It is found that the effects of hydrogen bonding are such that
—OH>-NH,>-SH, and that the solvation numbers are approximately equal for solutes containing
the same polar group. Usiradp initio molecular orbital theory, molecular solute—acetone interaction
energies have been calculated. There exists a nearly linear relationship between the interaction
energy and the effect of solute—solvent association on diffusion. The applicability of the
rough-hard-sphere theory to the diffusion of associated molecules is discussd®97American
Institute of Physicg.S0021-960807)53330-7

I. INTRODUCTION it appears that our knowledge of the transport properties of
liquids is still rather rudimentary. Nonetheless, molecular as-
ociations occur commonly in real liquid systems.
Investigations on the effects of molecular association on
mutual diffusion are relatively few reported in the literature.

Diffusion has long been a subject of intensive researc
efforts because of its importance in chemical and biological
systems. Traditionally, diffusion in liquids has been dis-

cussed in terms of the hydrodynamic theory represented byy,iq is nrohably because such effects are difficult to ascer-

the Stokes—Einstein equation. According to that equationtain and quantify by current experimental methods. Previ-
diffusion coefficients are dependent on solute radius, So"’erﬁusly Longswortf and Tyrrellet al* have found that the
viscosity, temperature, and a hydro_dynamu; fncnonaln Coem'hydrodynamic friction coefficients are different for polar sol-
cient. Although the Stokes—Einstein equation describes thﬁtes that can form hydrogen bonds with water and propan-
diffusion behavior of large spherical solutes fairly well, it 1,2-diol, respectively. As mentioned above, however, the

ngvertheless fails completely for solt:;(_a%molecules small ir"Stokes—Einstein equation as applied in these studies may not
size compared to the solvent moleculeSRecently, there be valid and applicable at the molecular scale. Easteal and

Egs dbeer?eaégrﬁg Sheeﬂé);?}%t]?olséfgén' ﬂ:e usia?fot:ifrzgf?h' Woolf*? have shown evidence of the effects of solute—
ra-spher r interpretat MU= solvent interaction on diffusion in water and octamethylcy-

sion data. Based on the van der Wa@tbW) picture (.)f clotetrasiloxane. Unfortunately, their study has not taken into
condensed matter, the RHS theory assumes that motions Q A

. . ) L .__account the effects of solute shape on diffusion. Such effects
molecules in a liquid are determined primarily by the size o i

) >““have been showWnas large as 26% in the case of

and shape of the moleculdse., the short-range repulsive 8
. . ; ) . n-tetradecane as solvent. Recently, Akgernedral® have
intermolecular forces weak dipole—dipole interactions and

. : ; extracted from experimental data the combined effects of
other attractive forces which vary slowly in space play onlyah drogen bondina and translational—rotational counlin
minor role. For limiting mutual diffusion, the RHS theory ydrog g ping.

oredicts diffusivities by the relatigh®3° Nonetheless,_th_ey were unable to separate_ the effects of mo-
lecular association from the effect of coupling.
rus. 3(kT)Y? 1 \Y2 A, [Dgps In this laboratory, we have a continuous interest in the
12 7 2n,(0y+ 0p)? g1, | Dg (1) experimental study of various molecular effects on diffusion.
RHS - T T N Previously, we have report&ti® that diffusivities are insen-
whereD7," is the limiting mutual diffusion coefficient,

: sitive to the mass and dipole moment of the solute mol-
represents the number density of the solventanda; are  gcyjes. In recent papetsye have demonstrated that a linear

the molecular diameters of solute and solvent, reSpeCtin%elationship exists between the reciprocal of the limiting mu-
w refers to the reduced mass of solute and solvent moleculeg, | giffusion coefficients (D, of the nonassociated sol-
A1 is the translation—rotation coupling constagi, repre- tes with similar shape and the molecular volurk@ 6f the
sents the unlike radial-distribution function at contact, andy,| tes. More recently, we have shdWithat carefully de-
(Dsns/De) is the computed correction to the Enskog theorygjgneq diffusion measurements can be made to ascertain

to take account of the correlated molecular motions. Deta”ﬁuantitatively the effects of hydrogen bonding on diffusion.
of the VDW picture and the RHS theory have been reviewedy, s paper, we present limiting mutual diffusion coeffi-

39
by Chandleretal™ In general, the RHS theory accounts gjents of polar aromatic solutes in acetone and report calcu-
satisfactorily for the diffusion of nonassociated solutes. FOliated interaction energi#s for 1:1 solute—acetone com-

molecules with strong intermolecular interactions, howeverp|exes_ The purpose of this work is to demonstrate, with the
help of the present data and previous results, an understand-
dAuthor to whom correspondence should be addressed. ing of the molecular dynamics of associated molecules in

27w
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terms of strong intermolecular interactions, an area whict2-methoxynaphthalen€99%, Aldrich were used as re-

has been underdeveloped.

Il. EXPERIMENT

ceived. The solvent acetori@9.9%+, Aldrich) was filtered
before use with 2Qum stainless steel HPLC solvent filter.
All data were recorded at 298.19.02 K. Temperature was
measured using a Beckmann thermometer calibrated with a

Measurements of the mutual diffusion coefficients atggtified thermometetBaird and Tatlock, No. GDZ27736

trace concentration were made by using the chromatographigt |east three measurements were made to obtain a diffusion
peak-broadening method, known also as the Taylor dispeigefficient, the average error being normattyl %.

sion technique. The apparatus was similar in design to that
reported elsewher®ln this study, however, the solvent was co

delivered by a Bio-Rad HPLC pum{Model 1350 with a

Molecular interaction energies of 1:1 solute—acetone
mplexes were determined k&b initio molecular orbital
calculations, using theaussiaNg4 system of program. Ge-

flow rate precision of£ 0.1%, and the solute dispersion peakometry optimizations for molecules as well as complexes
was detected with a Dynamax differential refractometeryere carried out at the HF/6-316 level of theory. In con-
(Model RI-1. The experimental procedures have been de'structing a complex from molecules, the hydrogen-bond

scribed previously.Briefly, a small 20-5QuL sample of a

lengthr ... (where H is contributed from solute and O from

dilute solution was injected into a stream of solvent in acetong was given an initial value of 2.5 A, and the bond
capillary diffusion tube. The diffusion tube was an 85.7 Mangle ay,..o (Where X represents O in phenols, N in aro-

length of 304 stainless-steel tube of 1.59 mm o.d. and 0.9%,atic amines, S in 2-naphthalenethiol, and C in other sol-
mm i.d., which was coiled in a circle with a diameter of uteg was initially assigned as 180°, followed by full geom-
about 40 cm and immersed in a water bath controlled tQyry optimization. All optimized structures were confirmed to

within t0.0_2 K. To ensure laminar flow, the solvent flow o minimum on the potential-energy surface by frequency
rate was adjusted so that the constant volume flow was b&ycylation. These structures will be reported elsewfere.

tween 0.1 and 0.2 mL mift. At the end of the diffusion

Furthermore, electron correlation was incorporated via single

tube, the solute dispersion peak was detected by the diffefsoint energy calculations at the second ordefiidte Plesset
ential refractometer and recorded with a chart recorder. "berturbation theory(MP2) with the triply split valence

this work, the solute mesitylen®8%, Riedel-de Hagrwas
purified by fractional distillation; phend@B9.5%, E. Merck
p-cresol(99%-+, Fluka), p-chlorophenol(99.5%+, BDH),
1-naphthol (99%-+, Aldrich), 2-naphthol(99%, Aldrich,
biphenyl-2-0l (99%-+, E. MercK, aniline (99.5%+, Ald-
rich), p-toluidine (99.9%, Aldrich, p-chloroaniline (99%
+, Fluka), 4-chloro-2-methylaniline (99%, Aldrich,
1-naphthylamine (99%+, E. Merck, 2-biphenylamine
(98%+, E. Merck, acetophenong99%, Aldrich, pro-
piophenond99%-+, E. Merck, 2-naphthalenethid®9%, E.
Merck), anisole(99%-+, E. MercK, p-methylanisole(99%
+, E. Merck, p-chloroanisole (98%+, Fluka, and

Aromatic Amines

O

aniline

Phenols

@—OH

phenol

cw-@m

p-chlorophenol

CI—@NHZ

p-chloroaniline

o

p-toluidine

CHy
Ro
4-chloro-2-methylaniline

NH,

coy

@)

2-naphthol 1-naphthylamine
HO, NH,
biphenyl-2-ol 2-biphenylamine

6-311G({,p) basis. For systems involving weak interactions
of individual entities, it has been shoffrthat the basis set
superposition erroBSSE may be significant. Thus, in the
calculation of the interaction energgE, the BSSE is cor-
rected by the full counterpoise correction as follows:

AE=E(AB)~[E(A)ap) * E(B)(ap] +AZVPE,  (2)

whereE(AB) is the MP2/6-311G4,p) energy of the com-
plex; E(A)ai) and E(B)a)s represent the electronic ener-
gies at the MP2/6-311@(p) level of theory(with the full
basis set contributed from bot and B), using the

Aromatic Ethers

<(:)>00H3

anisole

CI—@OCH3

p-chloroanisole

CH@—OCHs

p-methylanisole

2-methoxynaphthalene

Aromatic Thiol

g~

2-naphthalenethiol

Phenones

't
Ot

acetophenone

2
Ot

propiophenone
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TABLE I. Limiting mutual diffusion coefficients of pseudoplanar solutes in acetone at 298.2 K.

VDW vol/A 32 D/10°° m?st D107 m?s™d
Nonassociated solutes
Benzene 81.1 4.070.04
Chlorobenzene 97.2 3.#D.0%
Toluene 97.6 3.750.09
Ethylbenzene 113.8 3.49.02
Naphthalene 125.4 3.29.03
1,2,4-Trichlorobenzene 129.3 348.09
Propylbenzene 130.0 3.29.09
Mesitylene 130.7 3.160.03
Biphenyl 152.4 2.890.09
Phenols
Phenol 89.6 2.930.03 (2.97+0.03) 2.90
p-Chlorophenol 105.7 2.660.03 2.72
p-Cresol 106.2 2.720.03 (2.74+0.03) 2.71
1-Naphthol 133.9 2.440.02 245
2-Naphthol 133.9 2.4%10.02 2.45
Biphenyl-2-ol 160.9 2.220.02 2.24
Aromatic amines
Aniline 93.8 3.17:0.04 3.27
p-Chloroaniline 109.9 2.920.03 3.05
p-Toluidine 110.4 2.940.0% 3.04
4-Chloro-2-methylaniline 126.4 2.68.03 2.84
1-Naphthylamine 138.1 2.660.02 2.71
2-Biphenylamine 165.1 2.460.02 2.46
Aromatic thiol
2-Naphthalenethiol 145.1 2.70.02 2.67
Phenones
Acetophenone 117.0 3.23.03
Propiophenone 133.2 3.68.04
Aromatic ethers
Anisole 106.2 3.4%0.03
p-Chloroanisole 122.3 3.220.04
p-Methylanisole 122.7 3.270.03
2-Methoxynaphthalene 150.5 2:80.03

&The values are averages from Refs. 47-50.
From Ref. 6.

°From Ref. 43.

dCalculated values from Eqg3) and (4).

055 TABLE Il. Solvation numbersif) for polar solutes in acetone.
n
o OO Phenols
) Phenol 1.60.1
‘,,E ° p-Chlorophenol 1.+0.1
S o35t j p-Cresol 1.6:0.1
~ s 1-Naphthol 1.a0.1
RS 2-Naphthol 1.10.1
Q 0.25 | Biphenol-2-ol 1.%0.1
Aromatic amines
Aniline 0.6+x0.1
0.15 . . . . . p-Chloroaniline 0.60.1
60 80 100 120 140 160 180 p-Toluidine 0.6:0.1
4-Chloro-2-methylaniline 0F0.1
V/A® 1-Naphthylamine 0.70.1
2-Biphenylamine 0.60.1
FIG. 1. Variation of 1D, with molecular volume of solutes diffusing in  Aromatic thiol

acetone at 298.2 K(HM) nonassociated solutef,]) aromatic ethers(A) 2-Naphthalenethiol 0380.1

phenones, ) 2-naphthalenethiokO) aromatic amines, angdh) phenols.
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HF/6-31G(d) geometry of A and B respectively in the TABLE lll. Interaction energies AE) of solute—acetone complexes.
complex AB; AZVPE is the zero-point vibrational energy

i _ 4 Solute AE/kJ mol™*

correction calculated using HF/6-31(frequencies, scaled

by 0.9. Phenol —22.8

p-Cresol —-22.4

Aniline -14.0

ll. RESULTS AND DISCUSSION p-Toluidine —13.7

2-Naphthalenethiol -13.1

The structures of solutes containing one polar group in Anisole —-7.8

this work are shown in the section above. All solutes studied K‘Mteth%"a”'so'e _g-;

are pseudoplanar in shape. The measured diffusion coeffi- Efﬁymgg&e —63

cients are summarized in Table I. The uncertainty listed is Toluene 57

the average absolute error, and the reproducibility of data Benzene —-4.38

here is consistent with those reported in our previous
work# using the same technique. Table | also includes
values of the VDW volume of the solute monomers, which
are calculated from group increments given in theall phenols on the average diffuse together with about one
literature?’—>° acetone molecule, all aromatic amines with0.6, and

For the nonassociated pseudoplanar solutes, a linear r@-naphthalenethiol with~0.3. This indicates that the
lationship exists betweenlj, andV. The linear regression strength of polar group associated with acetone through hy-
line is shown in Fig. 1. Also presented in this figure aredrogen bonding is greater in the order —©OHNH,>-SH,
values for other solutes given in Table I. AlllL{, data for  and that for solutes with the same polar group the strength is
phenols, aromatic amines and 2-naphthalenethiol show posielatively independent of the size and mass of the molecule.
tive deviation from the “nonassociated” line in Fig. 1, indi- One feature of the results in Table Il is that all solvation
cating that the diffusivities of the solutes are retarded bynumbers are either approximately equal to or less than one.
solute—solvent interactions. The deviations vary from aboufhis is not surprising in the case of acetone as solvent as
9% in the case of 2-naphthalenethiol te34% for  only oxygen in acetone is available for hydrogen bonding. It
p-chlorophenol. In this study, the decreaseDn, of the  should be noted that hydrogen bonds between solute and
polar compounds cannot be attributed to solute—solute intesolvent molecules are continuously breaking and forming.
actions as the solutions are very dilute. It should also bén the average, the number of solvent molecules associated
noted that aniline has been known not even self associated imith a solute molecule may be less than one, depending on
nonpolar solvent. Figure 1 shows that phenones and aro-the strength of hydrogen bonding.
matic ethers behave practically as nonassociated solutes. The Ab initio molecular orbital calculations have been car-
results are not unexpected as these molecules are incapabied out to obtain the interaction energies of some represen-
of forming hydrogen bonds with the solvent. It is interestingtative 1:1 solute—acetone complexes. The results are given in
to note that linear relationship betweerD1j andV is also  Table Ill. It should be pointed out thatE calculated for
found for phenols as well as amines. The regression lialés acetone—acetone dimer is6.4 ki mol'l. This value is
with correlation coefficient>0.992 are displayed also in about the same as those calculated for the nonassociated
Fig. 1. Remarkably, the slopes for all straight lines in thecompounds as well as the aromatic ethers and phenone in
figure are about the same. This indicates that the effects dfable Ill. NonethelessAE values for the phenols, aromatic
hydrogen bonding on diffusion are due mainly to the type ofamines, and aromatic thiol show significant deviations from
polar group attached. For solutes containing the same poldhat of the acetone—acetone dimer, suggesting that strong
group, however, the effects are approximately equal. To ilintermolecular interactions may occur between these solutes
lustrate our point, one may consider in the diffusion processnd acetone in solution. In fact, the valuesAdE appear to
that a polar solute is diffusing to a certain extent as a solutebe consistent with our diffusion results of hydrogen-bond
solvent complex instead of only as a monomer. The averagstirength, i.e., —OB—NH,>—-SH. It is interesting to exam-
size of a diffusing complex can actually be evaluated fromine the variation oAD', the deviation of a polar solute’s
the diffusion coefficient of the polar solute. This is done by1/D, value from the nonassociated line in Fig. 1 at the same
determining the equivalent volume from théD} vs.V re-  monomeric solute volume, with the interaction energy. Fig-
gression line for the nonassociated solutes, using the diffuire 2 shows that an approximately linear relationship exists
sion data of the polar solute. The calculated volume of combetweenAD;* andAE. The data indicate that the effect of
plex in excess of the monomeric solute volume is themolecular association on diffusion in dilute solutions is pro-
average volume of solvent molecules associated with the soportional to the interaction energy.
ute. It follows that the average number of acetone molecules The implications of our data on the applicability of the
associated with a solute can be determined from this exce®®HS theory to the diffusion of associated molecules are
volume and the VDW volume of acetone. The solvationnoteworthy. As a polar solute acts like a complex in diffu-
numbers thus calculated for phenols, aromatic amines ansion, the RHS theory which has been successful for the in-
2-naphthalenethiol, together with their estimated uncertainterpretation of the diffusion of nonassociated molecules in
ties, are given in Table II. From this table, it can be seen thatondensed phase should also be applicable for describing the
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—NH,>-SH in acetone at 298.2 K. By comparing the diffu-
120 ¢ sion coefficients of the associated and nonassociated solutes,
solvation numbers which indicate the degree of molecular
& ol association have been determined for various solutes. We
‘e ' have also demonstrated here that the diffusion of associated
'”g molecules can be understood in terms of the rough-hard-
<, 40t sphere theory and the solute—solvent interaction energy.
Q
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