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The IR bending vibrationah) band of the water molecules in aqueous haloethanol (XXHOH; X = Cl,

Br, 1) mixtures has been studied, and the haloethanols are found to give rise to red shiftsypbtre.

Since the frequency of the, band is reciprocally proportional to the hydrogen-bonding strength of water
molecules, the results lead us to a conclusion that a breakdown of water structure occurs in the mixtures.
The red shifts occur gradually in the whole range of the haloethanol concentrations, showing gradual breakdown
of the water structure with an increase in the alcohol concentration. The effect of the alcohols on the red
shift is found to be in the order CIGEBH,OH < BrCH,CH,OH < ICH,CH,OH. The red shifts are discussed

in comparison with the blue shifts of thg band previously observed for the aqueous ethanol mixtures. The
conclusion is consistent with that of thid-NMR studies of the same mixtures in which the water structure

is discussed in terms of the chemical shift of the water proton.

Introduction 1.5 — 11—+
Aqueous CIC2H4OH Mixtures

1

We have been interested in the water structure in binary
agueous mixtures of halogenated alcohols such as 2-chloro-
ethanol (CIGH4OH), 2-bromoethanol (BréH,OH), 2-iodo-
ethanol (IGH4OH), and 3-chloro-1-propanél. 'H- and 17O-
NMR studies of these mixtures indicate that the hydrogen bonds
of the water molecules become weak and the water structure 9
breaks down with an increase in the alcohol concentration, the < 0.5
number of halogen atoms, or the size of halogen atom in the
alcohols?® The measurements of the relaxation time of water
170 in the same mixtures revealed that the breakdown of the
water structure occurs around the halogen atoms of the alcbhals.
On the basis of these results, we presented a mechanism of the
breakdowr? the halogen atoms behave as weak proton acceptors
in hydrogen-bonding interaction with the surrounding water
molecules, which results in the reduction of the polarity and
hydrogen-bonding strength of other water molecules in the
vicinity of the halogen atoms. A dipotadipole interaction
between the halogen atoms and the surrounding water molecule
is also responsible for the breakdown.

In the IH-NMR spectra of all the aqueous halogenoalcohol
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Figure 1. IR spectra of pure water, pure GI€,OH, and the aqueous
CIC,H4OH mixture atx = 0.5 in the region of 24081200 cnt?.

value for all the water molecule species present in different
hydrogen-bonding states in a mixture because of the long time
Jcale of NMR measurements. In other words, information about
the distribution of the hydrogen-bonding strengths among the
. . water molecules is hardly obtained from NMR measurements.
mixtures af‘d of aqueous ethanol (EtOH) mixtures at low EtOH Physicochemical properties of the water in aqueous alcohol
concentrations the resonance peaks of water and alcohol OH i+ res have been studied widely with X-ray or light scattering,
protons coalesce into a single peak because of a rapid protoryjg|eciric relaxation, thermodynamic, and many other methods
exchange. The coalescing peak shifts to high field and to low _¢ \\all as NMFES Among these methods, IR spectroscopy is
field with the increase in concentrations of the halogenoalcohols ;.\« o the most promising ones for the stu,dy of the distribution
and I.EIOH’ _respectlvely. Consequently, we eva]uated the ¢ hydrogen-bonding strengths of the water molecules in the
chemical shift of the watet from that of the coalescing peak iy res because of the short time scale of measurements.
on th_e basi_s of an approximgtion that the high-field_ and the " gjnce the O-H stretching vibrational; andv3) bands of
low-field shifts of the coalescing peak should be entirely due \\qier overiap the alcoholic ©H band, the IR spectra in the
to the waterH resonance peal§. The approximation IS reason- stretching region are of no use for studying hydrogen bonds of
able at low alcohol concentrations, but some uncertainty is eft yo \yater molecules in aqueous alcohol mixtures. In the region
in the chemcial Sh_'ft of the W"?‘téﬁ thus evaluated at high ¢ 4o bending vibrationabg) band of water, on the other hand,
alcohol concentrations. Even if the resonance peaks .of water g -6hols have no absorption bands so that the IR spectra in the
and alcohol are separated asﬂ@.-NMR, the chem.|cal shift of bending region are available for the present study. Falk found
the observed wateH peak still gives only the weighted mean that there is an inverse proportionality of the bending frequency
o wn p o be add FI— to the stretching frequency.We actually observed blue shifts
e e S eTia of the v, band, L., Stiengihening of hycrogen bonds, for the
8747. water molecules in aqueous EtOH mixtures for whishNMR

€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. studies also revealed the formation of stronger hydrogen bonds
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(c) Aqueous IC2H4OH Mixtures

Absorbance

PRI T T VU T N S AN WU ST ST WOR TU SO

1700 1600
Wavenumber/cm™’

1500

Absorbance

Absorbance

J. Phys. Chem. A, Vol. 101, No. 7, 1997367

(b) Aqueous BrCzH40H Mixtures
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Figure 2. IR spectra in the region of 186a.500 cn1! of aqueous mixtures at various alcohol mol. %: (a) £I€H, (b) BrGH4OH, (c) IGH.-

OH, and (d) EtOH.

among water molecules with increasing EtOH concentration.

plates separated by a Teflon sheet was used. The path length

We obtained a good correspondence between the concentratiomvas 0.011 mm.
dependences of the hydrogen-bonding strengths determined in

terms of the chemical shift of watéH and the frequency of
the v, band? The frequency shifts of the, band are much
smaller than those of the stretching bands. However,10ne

Results and Discussion

Figure 1 shows an IR spectrum in the wavenumber region
of 2400-1200 cnt? of the aqueous CIgE1,OH mixture at 50

band is assigned _strictly_ to one distinct _species of water mo| % of CIGH4OH, as one of the spectra of the mixtures,
molecules present in solution, in contrast with the presence of together with those of pure water and GHGOH. Liquid water

two stretching band%. Thus, the number of observed bands
should provide the number of water species with different

has three absorption bands in the wavenumber region: an
intermolecular combination band at 2125 @i the v, band at

hydrogen-bonding strengths. Consequently, the spectra of the1647 cnr?, and the first overtone of the far-infrared band at
v2 band for the water molecules in organic solvents have beengpout 1350 cmt.1° Figure 2 shows IR spectra in the region of

the subject of a number of investigatichdn the present work,

1800-1500 cnt! of the agueous mixtures of Cj840H,

we measured FT-IR spectra of aqueous haloethanol mixturesgrc,H,0H, IC,H,OH, or EtOH at various alcohol mol %.

to verify the conclusions of the previodsl- and 170O-NMR
studies of the same mixtures.

Experimental Section

Materials. Water was deionized and distilled twice.
CIC,H,4OH and EtOH were purchased from Wako Pure Chemi-
cal, BrGH,OH from Tokyo Kasei Organic Chemicals, and
IC;H4OH from Aldrich. Alcohols were preserved with 3 A
molecular sieves and distilled in vacuo. The compositions of
the mixtures are denoted by the mole fracti®nor mol % of
the alcohols. 1gH,OH is not miscible with water in the range
0.02<x < 0.4.

Measurements. IR spectra were measured at 221 °C in

a N, gas atmosphere with a JASCO FT-IR/8000 spectrometer

equipped with a DTGS (deuterium triglycine sulfate) detector.
The wavenumber resolution was 2 thnand a boxcar function
was used as a window function. A liquid cell with Gafindow

Alcohols have no absorption bands in the region ofithkand

as illustrated in Figure 1. However, the base line at the low-
wavenumber side of the, band is slightly affected by the
absorption of the alcohols at high concentrations as noticed in
Figure 2. In order to obtain an unaffected spectrum ofithe
band, we first subtracted the absorption by the alcohol compo-
nent from that of a mixture and then resolved the resulting
spectrum of the water molecules into the above three bands
according to the least-squares method proposed by Motojima
et al}l Figure 3 shows the molar absorptivity spectra ofthe
band of the water molecules in the aqueous EKOH,
BrC,H4OH, IC;H,OH, or EtOH mixtures. The spectra at high
alcohol concentrations are excluded from Figure 3 because of
uncertainties in their molar absorptivity values.

We notice three spectral changes from Figure 3 with an
increase in the alcohol concentrations; frequency shifts, asym-
metric band shapes, and increases in the molar absorptivity. We
first focus our attention on the frequency shifts of theéband.
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Figure 3. Molar absorptivity ofv, band of the water in aqueous mixtures at various alcohol mol. %: (gHz@H, (b) BrGH4OH, (c) IGH,OH,
and (d) EtOH.

1670 [T T The conclusion of the present IR studies is consistent with that
- : of the IH-NMR studies. From the fact that the red shifts

progress gradually in the whole concentration range obBiC

OH and BrGH,OH, a gradual breakdown of water structure is

found to occur with an increase in the concentrations.

In the aqueous EtOH mixtures, on the other hand, blue shifts
occur in the whole range of the concentration. From Figure 4,
we notice sharp blue shifts, or increases in the hydrogen-bonding
strength of the water molecules, in the water-rich region up to
aboutx = 0.07 followed by gradual blue shifts up to about
. ] 0.2. These changes are likely to be associated with drastic

. BICHOH changes in solution structure that have been deduced from the
1630 [ ] measurements ofH-NMR,* dielectric constant? the partial
I icHoH ] molar volume of EtOH? excess partial molar enthalpy of

L EtOH 4 radial distribution functions from X-ra3s and other
16200 02 04 06 08 10 physicochemical propertiés.

x[alcohol] The v, band of pure water has an unusually broad width of
Figure 4. Plots of the wavenumber at the peak of tadand vs mole 82 cnT* at half-maximum. As shown in Figure 5, tirg band
fraction of alcohol in the aqueous mixtures of GHGOH, BrC,H,OH, is found to become narrower with an increase in the alcohol
IC-H4OH, or EtOH. concentrations. Falk found a rather small narrowing of 5tm

_ _ of the v, band on heating pure water from 25 to 70 and a
Figure 4 shows the peak wavenumber plotted against the alcohokemarkable narrowing of 20 crh on diluting pure water with

concentration. The peak shifts to lower wavenumber with an heavy watet® He concluded from these facts that the broaden-
increase in the haloethanol concentrations. Since a red shift ofing of the v, band is not attributable to the dynamic effect
thev, band is attributed to a decrease in the hydrogen-bonding associated with the motional correlation time of water mol-
strength of water moleculéswe can conclude that the eculed® but predominantly to the distribution of hydrogen-
breakdown of water structure is caused by the haloethanols. Inbonding strengths and vibrational couplitig® Consequently,
our previous paper, we drew the conclusion from the high-field the narrowing of the», band as shown in Figure 5 is considered
shifts of the watefH resonance peak that the breakdown of to be due to the weakening of the vibrational coupling as a result
water structure occurs in the agueous halogenoalcohol mixtures. of dilution by the alcohols.
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90 [T T T study. Nevertheless, it should be remarked from Figure 3 that

I 1 the increases in the molar absorptivity are not correlated to the
changes in the hydrogen-bonding strength of the water molecules
but to the change in the solvent of the water molecules from
water itself to the alcohols.

so ¥

70
I Conclusion

The haloethanols are found to give rise to red shifts ofithe
band. Since the red shift of the band is attributed to the
decrease in the hydrogen-bonding strength of the water mol-
ecules in the mixtures, the result indicates definitely that a
breakdown of water structure occurs in the mixtures. The effect

. of the alcohols on the breakdown is found to increase in the
4%.0 02 04 06 08 10 order CIGH4OH < BrC,H40OH < IC,H4OH, in agreement with

X[alcohol] the results of the previou$4-NMR studies?
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Figure 5. Plots of the full-width at half-maximum vs mole fraction of
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