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With the addition of water into liquid acetic acid, the=© stretching vibration band of acetic acid shows a
high-frequency shift from 1665 to 1715 cfn This means that the hydrogen bond of the@ group of

acetic acid is not as strong as those seen in liquid acetic acid or insdfdtion (in which the band appears

at 1668 cm?). A bent type hydrogen bond is accountable for this observation. On the other hand, the increase
of acetic acid in water drastically decreases the intensity of the hydrogen-bondedsetching Raman

band of water at 3200 cm. This suggests that acetic acid breaks the hydrogen-bond networks of water.
Low-frequencyR(») spectra of acetic acid/water binary solutions are re-examined with new experimental
data and ab initio molecular orbital analysis of intermolecular vibrational modesREhespectrum of the
aqueous mixture ata = 0.5 bears a very close resemblance to that of the acetic acid/methanol mixture with

xa = 0.5, indicating that the molecular complexes responsible for the Raman spectra are acetic acid clusters.
The calculated low-frequency Raman feature of a side-on type dimer with bent-type hydrogen bonds based
on ab initio molecular orbital theory reproduces the observed Raman pattern nicely. Any evidence of the
formation of stable acigwater pairs is not found in the low-frequency Raman spectra. Furthermore, an
isosbestic point is seen in the region of & Xa (mole fraction of acetic acidy 0.5, and another one is also
observed in 0.5 xa < 1.0. The observed spectra in the region of &, < 0.5 are reproduced simply by

linear combinations of the pure water spectrum and the spectram=at0.5. These results strongly suggest

the presence of the two microphases with homogeneously associated molecules: a water cluster phase and
an acetic acid cluster phase. The spectral change irkOp < 1.0 is attributed to the coexistence of the

acetic acid cluster phase in aqueous environment and the acid associated phase characteristic of liquid acetic
acid.

1. Introduction in carboxylic acid/water mixtures. This is in good agreement
with our previous study by mass spectrometric analyses of

In our recent letter article’s? we reported the presence of . J . )
b P clusters isolated from liquid droplets? The study with this

isosbestic points in the(¥) spectra of ethanol/wateand acetic : : )
acid/water mixtureg; the former system showed a single method for carboxylic acid/water mixtures demonstrates that

isosbestic point over the whole mixing ratios, and the latter the acid-acid association becomes more stable for a longer alkyl
system exhibited two isosbestic points different in the mixture chain that causes hydrophobic interaction in aqueous nfedia.
compositions: the water-rich region,0 x, (mole fraction of Low-frequency Raman spectroscopy provides information on
acetic acid)< 0.5 and the acid-rich region, 05 x4 < 1.0. In local structure of solutions coupled with hindered translational
the case of ethanol/water mixtures, the observed spectra wereand librational motions. Waldstein and Blatz reported the low-
reproduced with linear combinations of the pure water spectrum frequency Raman spectra of liquid acetic acid and its solution
and the pure ethanol spectrum. This indicates that the mixturesin water? However, we could not observe any spectrum similar
are composed of microphases of water associates and ethandb those they reportetl. They also stated that predominant
associates and there is little contribution to the spectra from associated species in the aqueous mixture is probably an open
ethanol/water complexes. Kaatze and co-workers obtained adimer of acetic acid. The Rayleigh wing spectra have been
similar conclusion on the basis of dielectric spectroscopy of presented witlR(¥), the intrinsic Raman scattering activity?-14
carboxylic acid/water mixturesThey found the presence of The Raman signals originating from dipole-induced dipole
two relaxation terms and attributed it to the existence of two interaction are dominated by the interaction between the
microphases, one with high and the other one with low water neighboring molecules°In fact, Madden and Impey succeeded
content. The water-rich phase was assumed to fill the spaceijn reproducing the observeR(¥) spectrum of water from
between the acid-rich microphase aggregates. They also reportegholecular dynamics (MD) simulation using the MCY potential
that in monohydric alcohol/water mixtures the fluctuation jith 125 moleculed® They found that the 185 cr component
correlation lengths do not exceed some molecular dianfeters s prominently correlated with the bimolecular in-plane mode
in contrast to much longer lengths expected for acid-rich phasesgf hydrogen bonded water molecules. The vibrational frequen-
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tInstitute for Molecular Science. estimated by the ab initio molecular orbital method with a

* Graduate University for Advanced Studies. reliable basis set. In this report, we demonstrate the usefulness
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Figure 1 Rgm_an spectral §hifts of the=€D stretching_ vibrati_on _band_ Figure 2. Raman spectra of acetic acid aqueous solutions xits

of acetic acid in a crystalline sample at 286 K (thick solid line), in 5 9975. 0.015. and 0.05 in the region of 12aM00 cnT™. The spectra

water (thin solid line), and in C¢ldotted line). The mole fraction of o \yater and crystalline acetic acid at 286 K (AA) are also shown for

acetic acid is 0.1 in both the solutions, and the temperature of the comparison. The intensity of AA is reduced to approximately 1/15.

solutions is 297 K. A vertical arrow at 1770 cfindicates the position The bottom spectrum is obtained by subtracting the water spectrum

where high-temperature liquid acetic acid at 343 K shows a high- 4 m the spectrum of the aqueous solutiorxat= 0.015.
temperature band attributed to the free (or nonbondedC

of the theoretical calculation of intermolecular vibrational modes for comparison. As clearly seen, the peaklof the broad band is
for the assignment of low-frequency Raman spectra of binary located at 1710 cnt shifted by 50 cm* to the higher

solutions. wavenumber from the crystalline band position and 42&m
from the peak of the carbon tetrachloride mixture band. At 343
2. Experimental Section K, the spectrum of the acetic acid and carbon tetrachloride

. . . ... mixture withxa = 0.10 shows intensity increment of the bands
High purity water was prepared by a Puric-Z water purifier ¢ 1760 cm and the strong low-wavenumber bands at 1668
(Organo Co. Ltd.). Acetic acid of spectroscopy grade (more than ..-1 show eminent intensity decrease. The band at 1760-cm

99.7 vlv %; Wako Pure Chemical Industries) was used without ;¢ assigned to acetic acid monomer species and that at 1668
further purification. Acetic acid aqueous solutions were sealed -1 7' the =0 group linearly hydrogen-bonded with the OH

in 6 mm Pyrex glass tubes after degassing of carbon dioxidegroup of another acid. The temperature increase may induce
. . . &he dissociation of the linear hydrogen bond. The dissociation
measured in the low-frequency region (1400 cn’) at 293 ohergies are estimated to be 182) kcal/mol from the
K.W'th a_NR-1800 Raman spectrophotometer (‘]ASCO.) ?q“'pped temperature dependence. Crystalline acetic acid has a network
with a triple monochromator and a cooled photomultiplier tube g cture composed of strong linear hydrogen bdfd&In
(Hamamatsu Photonics R943-02). Scattered light was measured;hon tetrachloride, acetic acid molecules are expected to form

at an angle of 9‘0re|ative_ to the exciting "?‘Ser beam. The cyclic dimer structure or an aggregate structure similar to
514.527 nm (19 435 cr) line from an argon ion laser (NEC)  ¢yqialline acetic acids. The spectral shift from the-@

was used with a power of 150 mW at the sample. The stretching band of the free species amounts to approximately
GAUSSIAN 94 program packagfe was used on a DEC 109 cnri This is in good coincidence with the shift in the gas
AlphaStation 500. phase'® The peak position of the €0 stretching band of the
aqueous solution is located just between the wavenumber for
the free G=0 and that of the strongly hydrogen bonded one.
Spectral Shifts of Raman-Active Intramolecular Vibra- As the factor analysis by Ng and Shurvell showed, the broad
tions. Frequency shifts of intramolecular vibrations provide band at 1710 cm' is analyzed as a composite of two
qualitative information on the structural change related to componentd® Both of them cannot be attributed to the=O
solute-solvent and solutesolute interactions. In particular, group either with a linear hydrogen bond or free from any
hydrogen-bond formation of the=80 group of a carboxylic hydrogen bond. A bent-type hydrogen bond can explain this
acid causes a clear spectral shift to a lower wavenumber shift to the intermediate position. Figure 2 shows the concentra-
dependent on the degree of its binding stre§fi Bertie and tion dependence of the=€0 stretching band in a low acid
Michaelian studied the Raman spectrum of the gas-phase cyclicconcentration region. The spectra obtained after the subtraction
dimer!® They observed a€0 stretching vibration band of the  of the water spectrum (mostly, vibration) show essentially
cyclic dimer at 1681.5 cmt and a monomer band at 1789.6 no concentration dependence of the spectral shape in the region
cm L. Ng and Shurvell applied the factor analysis method to of 0.2 > x, = 0.0075. The subtracted spectrum of the mixture
the Raman spectra of acetic acids in aqueous solifidhey at xa = 0.015 is shown in the lower part of Figure 2, where
assigned the major components in the spectrum of the mixtureone can see an asymmetric band shape of #8® Gtretching
with xo = 0.17 to monomer and cyclic dimer bands with the band at 1710 cmt. This is attributed due to the presence of
band positions at 1696 and 1673 threspectively, although  overlapping two bands at 1695 and 1715¢ém
they are overlapped forming a broad band. The difference is The O—H stretching vibrations of acetic acid and water are
only 23 cntin contrast to the large difference of 108 chin expected to exhibit large spectral shifts on hydrogen bond
the gas phase. The spectrum of the aqueous mixturexwith formation. Figure 3 shows the Raman spectra of aqueous
0.10 is shown in Figure 1 with a thin solid line. In the figure, solutions withxa = 0.1 and 0.2 in the region from 2700 to
the spectrum of an acetic acid/carbon tetrachloride mixture with 3700 cnt. The spectra of liquid acetic acid and water are also
xa = 0.10 and that of crystalline acetic acid at 286 K are also displayed for comparison. The strongest band at 2945! ¢ésn
shown with a dotted line and a thick solid line, respectively, the C—H stretching band of acetic acid. The water spectrum

3. Results and Discussion
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Figure 3. Raman spectra of acetic acid aqueous solutions xyith
0.10 and 0.20 in the region of 2768700 cnt!. The spectra of liquid
acetic acid and water are also shown for comparison.

XA

Figure 5. Intensity ratio of the strongly bonded-H components to
the weakly associated components as a functio@ ¢dcetic acid mole

10 LA L E R L fraction). The solid curve is a double-exponential function expressed
s Water | by eq 1.
el 3 2 i show two O-H stretching bands. The very broad feature of
this band could be attributed to the overlapping two components
i 7 of the weakly associated water molecule. Another possibility
2l 4 | is due to a water dimer with nonlinear hydrogen bonds such as
Va4 LR bifurcated species. It is very difficult to assign this broad
”8 — 'r "' : I' component to any specific structure of weakly associated dimers.

Component 3 at 3220 cm is assigned to the; mode of a
water of which two hydrogen atoms are bonded to neighbor
molecules. This strongly bonded water must be in a different
situation than that of the icy water with tetrahedral coordination
that appears as component 4 at 3100 tim Figure 4. Hare
and Sorensé# observed a strong Raman band of ice at 3100
cm~L. Here, we call the molecules responsible for component
2 as weakly associated water molecules and the molecules
responsible for the two hydrogen atoms bonded (responsible to
components 3 and 4) as strongly bonded water molecules.
The lower two spectra are obtained by subtracting the scaled
liquid acetic acid spectrum from the spectra of the acetic acid/
water mixtures withxy = 0.1 (middle) and 0.2 (bottom). The
subtraction is performed in order to eliminate the-i&
stretching band of acetic acid. However, because of a little
4 1 spectral shift of this band, the subtraction provides a negative
0 sl - and a positive spike with equivalent intensity. With increasing
2800 3000 3200 3400 3600 . ; :
acid concentration, the decrease in the strongly bonded com-
Raman shift / cm™ ponents becomes much eminent, suggesting the breaking of the
Figure 4. Relative intensity change of the Gaussian components in Water structure. The ratios of the strongly bonded components
the water spectra. The water spectra of the aqueous solution of aceticto the weakly associated component at various molar fractions

acid were obtained by subtracting the scaled spectrum of liquid acetic of acetic acid are plotted and fit to a double-exponential function
acid from the original spectra shown in Figure 3. The scaling factor jn Figure 5:

was obtained so as to extinguish the sharpgHband of acetic acid at
2940 cnl. The assignment of components-4 is given in the text.

Intensity (arbitrary unit)

[strongly bonded]/[weakly associated]

shows the two peaks at 3230 chand 3420 cm!. The band 0.252+ 0.114 expf-1.186,) + 0.220 expt-13.5,) (1)

contour of the water spectrum is reproduced by assuming 4

Gaussian components with the band centers at 3610, 3410, 3220At & concentration oka = 0.05, the second component becomes
and 3100 cmt. The result of the Gaussian analysis of the water €quivalent to the third component that is the main term in the
spectrum is shown at the top of Figure 4, where the four highxa region. This concentration af = 0.05 appears to have
components are designated as components 1, 2, 3, and 4an important meaning in a later section.

respectively. On the basis of the degree of wavenumber shift, Low-Frequency Raman SpectraThe Rayleigh wing spectra
component 1 at 3610 crhis assigned to the, mode of awater ~ have been presented in a function of the so-caRgg, 0423
molecule of which two hydrogen atoms are both free from
hydrogen bonding and corresponds to the 3657.1'dmand in 2

the gas phas®.Component 2 at 3410 crhis assigned to the

v1 mode of a weakly associated water molecule of which one where7, is the frequency of the exciting laser line (in ch
hydrogen is bonded to a neighbor water but the other one isand () is scattered light intensity of frequenay The R(v)

not bonded. In principle, this kind of water molecule should spectrum has the practical advantage of essentially removing

R®) = |(7)(#, — )" *¥[1 — exp(-hcw/kT)]
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Figure 6. R(¥) spectra of acetic acid/water mixtures@t= 0 (water), % il ‘ I I
0.1, 0.2, 0.3, _0.5, 0.8,_ 0.9,_ anc_l 1.0 (quuid ace_tic a_cirjb-l a_md ipL oef 00k = “ . I : | . +
stand for the isosbestic points in the high acetic acid region 0&0.5 ~ T " T y T : T T T
Xa < 1.0 and in the low acid region of 0 xa < 0.5, respectively. = ter 7
:5' 06 [~ - C A
the intensity of the exciting laser line and extracting from the 5 0 I
measured Raman spectrum a quantity that is related to the ! 1 1
vibrational density of states. Figure 6 shows R@&) spectra g *r 1 1 g
of acetic acid/water mixtures ai = 0 (water), 0.1, 0.2, 0.3, 5 opiE—= S — : : :
0.5, 0.8, 0.9, and 1.0 (liquid acetic acid). With increasing acetic =~ & 12 ' ' : ' ' S
acid fromxa = 0.1 to 0.5, an evolving spectral component is L d 7
seen in the region from 50 to 120 cmThis component has T 7
the same spectral feature as the spectrumpat 0.5. From E:: §
Xxa = 0.5 to 1.0, the change is very much different from that in ws | I I |
the low concentration region; the intensity change is not so large - TR e : i o
but the structural change is drastic. The spectruma at 0.5 is 0 100 200 300 400
completely different from that of liquid acetic aciga(= 1.0). . -1
The presence of the isosbestic points at 210%im the low- Raman Shift / cm

Con_centratlon region and 180 cinin the hlgh-c_oncentratlon Figure 7. (a) Low-frequency Raman spectra of the acetic acid/water
region may suggest the three states of associates: pure watehixtures atxa = 0.5 (thick line), atxa = 0.3 (thin line), and the
cluster state; 1:1 mixture state; pure acetic acid state. Thus, wespectrum of acetic aciemethanol mixture aka = 0.3 (thin broken
have attributed the 1:1 mixture state to the acetic-avidter line). The intensity scale is normalized for the peak intensities of the
cluster state in ref 2. However, we face a difficult situation for respective spectra. (b) HF/6-3%-G** level calculation of Raman

this assignment with new experimental and theoretical results activities of bimolecular vibrations of a side-on dimer the structure of
“which is shown in Figure 8a. (c) The same level calculation of a cyclic

In Figure 7a, the low-frequency Raman spectra of the acetic gimer shown in Figure 8b. (d) Calculated Raman activities of acetic
acid/water mixtures ata = 0.5 (thick line) and 0.3 (thin line)  acid—water (black bars) and acetic aeithethanol (gray bars) het-
are compared with that of acetic acid/methanol mixture at erodimers structures of which are shown in parts ¢ and d of Figure 8,
xa = 0.3 (thin broken line). The intensity scale is normalized respectively.
for the peak intensities of the respective spectra. Although the
Spectra aka = 0.3 contain some contribution from either the integrated Raman intensity of the intermolecular bands of the
water clusters or the methanol clusters seen in the respectiveside-on dimer is stronger than that of the cyclic dimer. The
pure liquids, the main feature of the spectral pattern is similar. calculated spectral pattern of the side-on dimer shows a better
The same molecular cluster(s) must be responsible to the low-fitting to the observed spectrum rather than that of the cyclic
frequency spectra of the acetic acid/water and the acid/methanodimer. However, it is not as conclusive for the assignment of
mixtures. Vibrational wavenumbers of molecular complexes of the observed low-frequency spectra because of the broad feature
acetic acid with methanol are expected to show a large difference©f the observed spectra. From the calculated spectra, one can
from those of acetic aciewater complexes because of the mass 0nly say that the main origin of the low-frequency spectra must
difference between the partners. Thus, the two heterodimers ard€ acetic acid dimer units. As shown in a previous section,
expected to show spectral features different from each other.however, the spectral position of the intramolecula=@

In fact, the ab initio calculation (Figure 7d) of acetic aecid  Stretching vibration indicates that the=® group is not as
water and acetic acidmethanol dimers at the HF/6-31#G** strongly hydrogen bonded. Any dimer structure with a linear
level provides Raman-active vibrations at higher wavenumbers hydrogen bond is not able to explain this point but the side-on
in the region of 156-400 cnt. The geometries of the optimized ~ dimer with the bent-type hydrogen bonds accounts for all of
dimers are shown in parts ¢ and d of Figure 8, respectively. the observed results. A problem is how the side-on dimer unit
We also examined the Raman activity spectra of various aceticcan be well stabilized in aqueous environment despite its small
acid homodimer&* The side-on type acetic acid dimer shown binding energy in the gas phase compared with that of the cyclic
in Figure 8a provides a Raman structure in Figure 7b that well dimer.

reproduces the spectral feature of the three spectra in Figure The calculated binding energies for the acwdater dimer,

7a. The cyclic dimer with the structure shown in Figure 8b also the acid-methanol dimer, the side-on type homodimer, and the
provides the four bands in the region of 5060 cnTl. The cyclic homodimer are-6.46,—6.34,—5.27, and—12.31 kcal/
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Figure 9. Decomposition of the observeR(v) spectra of the binary
solutions withx, = 0.015, 0.10, and 0.30 into linear combinations of
the R@) spectra of pure water and the mixture wxgh= 0.5. The sum
spectra calculated by a least-squares fitting method are shown with
solid lines.

environment of the two dimers by the RISM-SCF method, which
predicts little difference between the stabilization energies of

Figure 8. Structures of acetic acid dimers (a), a cyclic dimer (b), an the two dimer species in watétThe calculation suggests that
acetic acid-water heterodimer (c), and an acetic aeidethanol dimer the dimer-dimer interaction energy of the two side-on dimers

(d) obtained by ab initio calculations at the HF/643tG** level. The fairly exceeds that of the two cyclic dimers.
binding energies of the respective dimers are given in the text. Analysis of Low-Frequency Spectra.The presence of the
isosbestic points at 210 crhin the low-concentration region

TABLE 1: Dipole Moments of Acetic Acid Homo- and . i
Heterodimers Calculated at the HF/6-3%+G** Level in Figure 6 may suggest the presence of the two states: the

pure water cluster state and the acetic acid cluster state with
the side-on type (and less probably cyclic) dimer unit(s). The

dipole moment/debye

side-on dimer 4.011 latter state dominates the spectrum of the mixture with=
Zf_l\';a‘:'en:er f 'Sgg 0.5. As we saw in the case of ethanol/water mixtiréee R(7)
AA-MeOH 2220 spectra can be explained without the contribution from any pair

_ of water and acetic acid, or could be as the sum ofR(©®
mol, respectively, at the HF/6-31+G** level. These values  spectrum of pure water and that of the mixture with= 0.5.
are corrected for the zero-point vibrational energies. So, the gas-Thus, theR(¥) spectra of binary solutions are decomposed into

phase dimerization energy of the side-on type dimer is not jinear combinations of th&(¥) spectra of pure water and the
favorable to the heterodimers, although the differences from mixture withx, = 0.5:

the values of the two heterodimers are approximately 1 kcal/
mol. Apparently the binding energy of the cyclic dimer is more R(¥;x,) = aR(¥;x,=0) + bR(¥;x,=0.5) 3)
than twice as large as that of the side-on type dimer in the gas
phase. Thus, in the gas phase we have little possibility of whereR(v;xa) is theR(¥) spectrum of an acetic acid/water binary
observing the side-on dimer. Aqueous solution is a polar solution with an acetic acid mole fraction Bf, R(7;xa=0) is
environment where polar solute species are well stabilized by that of pure waterR(v;x,=0.5) is that of the 1:1 mixture, and
the surroundings. a andb are the coefficients which should be calculated from
Table 1 shows the calculated dipole moments of the above the best-fit procedure. Decomposition of R@;xa) spectra was
four acetic acid homo- and heterodimers. The side-on type dimercarried out with a conventional least-squares fitting method. The
exhibits the largest dipole moment (4.011 D) among them, in all R(¥;xa) spectra were decomposed successfully into simple
contrast to the null dipole moment of the cyclic dimer. In the linear combinations, and Figure 9 shows some examples of the
concentration region studied here, dipotépole interaction analysis for the spectra of the three mixtures with= 0.015,
between the dimer pairs can also be important for generating0.10, and 0.30. The coefficiereisandb are plotted as a function
higher clusters. The energy of dimetdtimer interaction between  of acetic acid mole fractioma in Figure 10. The fact that the
the cyclic dimers is on the order of van der Waals interaction mixture spectra are reproduced with linear combinations of the
energies, while that between the antiparallel pairs of two side- two basic spectra indicates that the mixtures are composed of
on dimers is expected to be sufficiently large. Recently, we have the microscopic fragments of the two basic solutions. The dimer
performed a calculation of the binding energy change in aqueousand small cluster units of water that characterize the low-
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Figure 10. Concentration dependence of the coefficients of the water . ] )
component (a) and the acetic acid cluster component (b) that are thehydrophobic hydration requires numbers of water molecules

R(¥) spectrum of the 1:1 mixturex{ = 0.5). sufficient for the construction of a hydrophobic shell covering
the hydrophobic area. At concentrations higher thars 0.05,
the average number of water molecules for the shell formation
around one solute molecule is smaller than 20 and any stable
shell is not formed with the lower water numbers. This must
be related to the result of the spectral change of the intramo-
lecular OH stretching vibration of water molecules shown in
Figure 5; the intensity of the ©H band of hydrogen bonded
O—H group decreases eminently with increasing acid concen-
tration atxa = 0.05. Hydrophobic hydration can be seen at the
Fure Water diluted solute concentrations.
. . . . . . . . . Three-State Model and Density ChangeAll the observed
L O S low-frequency spectra of the mixtures are reproduced simply
Raman Shift / cm . . .
Figure 11. R(¥) spectra of aqueous solutions of acetic acid it~ by the Ilnear complnatlon of the pure water spectrum and that
0.0075 0'015 0.05. and 0.07 of the 1:1 mixture in the low-concentration region of<Qxs <
' T R 0.5, and also by the combination of the spectrum of liquid acetic
frequency spectra of water exist in the mixtures as fragments acid and that of the 1:1 mixture in the high concentration region,
of liquid water, and such a unit in the 1:1 mixture must also 0.5 < x4 < 1.0. In addition to this fact, the observation of the
exist in the intermediate region. This result is in accord with two independent isosbestic points in the respective regions
the microphase model of the aqueous mixtures proposed on thestrongly suggests that there are three microscopic states of
basis of ultrasonic absorption measurenfent. clusters (or aggregates): state 1, water cluster state in which
Hydrophobic Hydration. In the previous study, we measured intermolecular vibrations of water clusters are responsible for
the spectra with a mole fraction interval of 0.1 and observed the low-frequency Raman spectrum of water; state 2, acetic acid
the isosbestic point at 210 crhin the low mole fraction region. cluster state with side-on type dimer units associated with
Figure 11 shows thB(v) spectra of the aqueous solutions with  dipole—dipole interaction, the Raman spectrum of the 1:1
xa = 0.0075, 0.015, 0.05, and 0.07. TR&) spectra in Figure mixture reflects the structure of this state; state 3, acetic acid
6 are for the solutions witlks = 0.10. We can find intensity ~ cluster state with structures characteristic of liquid acetic acid.
anomaly in the lower concentrations. TR&) spectra of the The densities of the mixturé&splotted as a function of acetic
diluted solutions fromxa = 0.05 to 0.0075 exhibit surprising  acid mole factions are shown in Figure 12. The density of the
changes: (1) atxa = 0.0075 the intensity of the water 1:1 mixture shows a maximum &k = 0.5 that indicates the
component increases more than that of pure water; (2) drasticpresence of the closest packing of the molecules at this mixing
intensity drop of the water component is seerxat> 0.03 ratio. The density change in Figure 12 clearly show the change
(Figure 10). The intensity enhancement of the water componentof structures described by the three-state model.
is synchronized with the drastic increase of the 1:1 mixture  Rayleigh Wing Spectra and Microphase Formation.
component. This means that the dimerization of acetic acid Kaatze et al. presented a microphase model for carboxylic acid/
molecules becomes prominentyat = 0.0075. The anomaly  water mixture$ and alcohol/water mixturéson the basis of
(1) results in the deviation of the intensity from the isosbestic dielectric studies. Information on the presence of microphases
point at 210 cmt. One cannot see the isosbestic point in this composed of solute and/or solvent molecules can be also
lower concentration region. This is just because of the intensity obtained from very low-frequency Raman spectra in the region
enhancement of the water component aroxgd= 0.015, as v < 20 cnT, Figure 13 shows BoseEinstein (BE) correctéd2°
clearly seen in Figure 11. Figure 10 also indicates that the very low-frequency Raman spectra of water (spectrum A),
increase in the water component is accompanied by the intensityaqueous mixtures wittkka = 0.0075 (spectrum B) and 0.07
enhancement of acetic acid component at these low concentra{spectrum C). As reported by Rousset et&ihe water spectrum
tions. Thus, we attribute the increase of the water componentat 298 K exhibits a hump at 10 crh This signal is temperature
to “hydrophobic hydration” coupled with the generation of larger dependent in intensity and position. The frequency increases
hydrophobic area due to the acetic acid clustering. This is what with increasing temperature and falls to zero -a80 °C.
we saw in the mass spectrometric analysis of carboxylic acids Addition of a small amount of acetic acid in water enhances
in diluted aqueous solutiofsApparently, this phenomenon is  the wing intensity drastically, particularly in the region from 4
enhanced for the systems with larger alkyl chains. However, to 8 cnT™.
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BE Corrected Raman Intensity

Figure 14. Model of an acetic acid microphase proposed based on
the spectroscopic data.

in the concentrations as low as a solute mole fraction of &.82..
In the mass spectrum of the ethanol/water mixture solution with
0 4 8 12 16 20 an ethanol mole fraction of 0.01, we also observed dominant
ethanotl-ethanol association.Generation of microphases in
agueous solution must be a general trend seen for most of the
spectra of water (A) and acetic acid aqueous solutionsxith 0.0075 solute SPecies, although their Slzés may vary dgpendent_ on
(B) and 0.07 (C). Arrows indicate the peak positions or those of Concentration, temperature, and particularly interaction energies.
embedded components. Islaelachvili presented some unifying concepts in intermolecular
and interparticle force® On the basis of a theoretical consid-
Interpretation of the low-frequency Raman component of eration on a simple model, he showed that the associated state
water became very realistic after the simulation study by of like molecules is energetically preferred to the randomly
Madden and Impej? They succeeded to explain the observed dispersed state of a binary molecular mixture and there is always
Raman band of water at 50 cfwith the motion of the  an effective attraction between like molecules. Water network
molecular center of mass through the polarizability induced by formation is one of the strongest interactions in neutral molecular
dipole—dipole interaction between water molecules. Dipole  systems. Waterwater association therefore induces sotute
dipole interaction between the acetic acid clusters with large sojute association in a binary mixture. In the case of acetic acid/
dipole moments is expected to induce strong Raman signals inwater mixtures, acigtacid interaction itself also has a large
the very low-frequency region. On the basis of the Raman energy and can generate a large dipole moment stabilized with
studies of nuclei in glasses and silica particles in aerogels, an aqueous polar environment. Microphase formation in the
Rousset et al. assumed that the low-frequency temperatureinary mixtures is not so surprising in this sense. In Figure 14,
dependent Raman scattering comes from oscillations of transieniye show a model structure of an acetic acid microphase on the
water aggregates with a somewhat ordered structure. OBtine pasis of all the spectroscopic data shown in this report and the
showed that the orientational relaxation coupled with long-range data by Kaatze et &l* The side-on dimer structure is an
dipole—dipole interaction is responsible for the Raman spectrum elementary unit in this model. Along the direction shown by
of water at the low frequency of 520 cn™. The 10 cmt an arrow, acetic acids stack up with alternating orientations of
component in the water spectrum in Figure 13 must be related the methyl group to the carboxyl group. A very dense stacking
to this orientational relaxation of Iarge water clusters. From this of molecules can be seen for a structure with the side-on dimer
signal, Rousset et al. estimated the average size of the clustergnit. The model cluster is built up by considering the dipole
at room temperature to be 11 A. Because of longer sizes anddipole interaction between acetic acid molecules and between
larger dipole moments of the side-on type dimer and higher the dimers, hydrophobic interaction between methyl groups, and
clusters with the dimer Unit, orientational relaxation of the electrostatic interaction (Weak hydrogen bonding) between the
clusters is eXpected to take a much |0nger time than that of Carbonyl oxygen atom and the in_p|ane hydrogen atom of the
water. These factors may also result in the enhancement of themethyl group. At this stage, this is just a model as a working
Raman intensity due to larger dipeteipole interactions inthe  hypothesis that must be subject to further critical theoretical
process of the orientational relaxation. The clusterization of and experimental examination.
acetic acid molecules with large dipeldipole interaction thus
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