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Aqueous acetic acid solutions have been studied by vibrational sum frequency spectroscopy (VSFS) in order
to acquire molecular information about the ligtigas interface. The concentration rangel00% acetic

acid has been studied in the CH/OH and the@C=O0 regions, and in order to clarify peak assignments,
experiments with deuterated acetic acid and water have also been performed. Throughout the whole
concentration range, the acetic acid is proven to be protonated. It is explicitly shown that the structure of a
water surface becomes disrupted even at small additions of acetic acid. Furthermore, the spectral evolution
upon increasing the concentration of acetic acid is explained in terms of the different complexes of acetic
acid molecules, such as the hydrated monomer, linear dimer, and cyclic dimer. kr@eagion, the hydrated
monomer is concluded to give rise to the sum frequency (SF) signal, and in the CH region, the cyclic dimer
contributes to the signal as well. The combination of results from the CH/OH and-t#@/C=0 regions

allows a thorough characterization of the behavior of the acetic acid molecules at the interface to be obtained.

1. Introduction mixture over the entire concentration range (unlike a surfactant,
. which will form micelles and liquid crystalline phases at higher

Understanding surface tension and adsorp'Flon behavior Inconcentrations) and concentration-dependent interfacial behav-
terms of molecular composition and conformation are some of .

the surface scientists’ prime interests. To this end, carboxylate ~ . . . .
molecules have been extensively studied at a range of interfaces, Acet|c_a0|d is also commonly assomate_d with th? de_gradatlon
and often, it is the hydrocarbon chain length which is varied to of matenals, fcz)r example, by atmospher]c corrosion in indoor
study, for example, the adsorption behavior. It has been less€nVironments:? The reason is that organic molecules undergo
traditional to study the headgroup itself. Because acetic acid is ©Xidation in ambient atmospheric environments, which fre-
the shortest alkyl carboxylate, it provides a good starting point duently results in acetic acid as an end produét.typical
for a fundamental exploration of the formation of Gibbs Concentration of acetic a_C|d inan indoor environment is ar_ound
monolayers at the wategas interface. Acetic acid is fully ~ 20 Ppb? and thus, acetic acid is among the most dominant
miscible with water (unlike many of the longer-chain homo- !ndoor corrosion promoters on metals. Metals exposed to an
logues), but its intrinsic anisotropy, having a carboxyl headgroup indoor environment are covered by several layers of water
and an alky| chain Consisting of a Single methy| group, makes because of adsorption from humid air. This Iayer acts as a
it nonetheless slightly surface-active. Thus, in solution, acetic medium for chemical reactions and also as a solvent for gases.
acid is expected to display both the characteristics of a binary When molecules of acetic acid take part in an atmospheric
corrosion process, they first have to penetrate the water
*Corresponding author. Fax: + 46 8 208998. E-mail: interface, before reaching the metal surface. Thus, a typical
eric.tyrode@surfchem.kth.se. corrosion process in an indoor environment involves two
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H H H H TABLE 1: Vibration Frequencies of Various Normal Modes
H H . . . .
H— Hi Hi of Acetic Acid?
10 Ho” O Ho” o vibration IR (cnm?) Raman (cm?)
HO ' M . 1
' ‘. k ' . ' c—0 1299° 12839
! ) ' v C=0 (M, My) 171260 (M) 179G (M, glacial)
R " TO° ) o™ 1788 (M, g) 1712 (M)
H™ H o Hj H j’* 1788 (M, g)
H” " e C=0 (LD1) 174560 1762, 17460
M LD cD C=0 (LD2) 169860 1717, 16956b
h C=0 (CD) 16946b 1670, 164560
Figure 1. Three species of acetic acid.,M hydrated monomer; LD v§(CHa) 2944 (g§° 2949°
= linear dimer; CD= cyclic dimer. The nature of the hydrogen bonding va(CHy) 2996 (gJ° 30009
of the carboxylic group is also illustrated schematically. vs(CHg) 3051 (g§° 3032¢

. . . aM = monomer, M = hydrated monomer, CB= cyclic dimer,
interfaces, the metalwater interface where the corrosion | pj = free carbonyl group of linear dimer, LD2 hydrogen-bonded

process takes place, and the watair interface, studied inthis  carbonyl group of linear dimer, g gas phase? CH;COOD in D,O.
report. Knowledge of the interfacial behavior of acetic acid in
the interfacial region between a metal and its surrounding
atmosphere is thus of great importance for a molecular Sims et al. have performed an extensive study of aqueous
understanding of acetic acid-induced atmospheric corrosion. acetic acid solutions by measuring a variety of static and
Acetic acid in the gas, liquid, and solid phases, as well as dynamic propertied! At a concentration of 5% acetic acid, the
aqueous solution, has been studied extensively By’Iand enthalpy of mixing exhibits a minimum, indicating that the
Ramari~12 spectroscopy in order to obtain information about solution has maximum order. At around 11% acetic acid, carbon-
the bulk phase. At low concentrations in water, acetic acid is 13 NMR chemical shift, carbon-13 spitiattice relaxation time,
partly dissociated to the carboxylate anion. For example, at a microwave absorption, and specific conductance show evidence
bulk concentration of 0.5 mole % (hereafter written only as %, of a major structural change, and it is inferred that the dihydrated
because all concentrations are discussed in terms of mole %).acetic acid monomer dominates at concentrations lower than
approximately 99% of the acetic acid is protonatédbove 11% acetic acid. At approximately 55% acetic acid, a structural
this concentration, there are three predominant species presentchange is detected as a maximum in density, molar enthalpy of
81415hydrated monomers (I, linear dimers (LD), and cyclic ~ mixing, index of refraction, and relative viscosity. This is
dimers (CD), shown in Figure 1. interpreted as the formation of cyclic dimers from linear dimers
Similar findings were also made by Gie et al., who studied as the acetic acid concentration increases above 55%.
deuterated derivatives of acetic acid in heavy water by IR and  Because our studies include experiments with aqueous acetic
Raman spectroscop§:At concentrations up to roughly 2%  acid solutions, it is also important to review the spectroscopic
acetic acid, the hydrated monomer is the only species in the properties of water. Many studies of pure water have been
solution. At concentrations less than 30%, linear dimers were performed by vibrational spectroscopy, including2A%3 Ra-
detected, and their concentration increased to a maximum atman24.25 and sum frequencsf:? just to mention a few. The
50%, where the solution contained hydrated monomers andsum frequency (SF) spectrum of water shows prominent features
similar amounts of linear and cyclic dimers. Above this at~3250,~3450, and~3700 cnTl. These peaks have been
concentration, the fraction of cyclic dimers increased, while the respectively attributed to symmetrically and asymmetrically
concentrations of linear dimers and hydrated monomers de- hydrogen-bonded water and free OH stretching vibrations. The
creased. A small quantity of longer hydrogen-bonded chains free OH stretch originates from non-hydrogen-bonded OH
was also present. In pure acetic acid, the cyclic dimer was found groups protruding out into the gas phase. The broad band with
to be the dominant species. All three species have been identifiedorominent features at3250 and~3450 cnt! is also present
by Raman spectroscopy, and the enthalpy changes in thein Raman spectra.
conversions of 2 LD and LD < CD have been deter- Despite the extensive studies of the bulk behavior of acetic
mined:” It is presumed that these bulk phase species are ableacid solutions, information about the liquigias interface has
to partition to the liquid-gas interface, but clearly, the surface ot peen obtained so far. In this study, the@, C=0, C—H,
concentrations will not necessarily reflect the bulk values. and G-H stretching vibrations of acetic acid and the OH
Semmler et al. also explained the characteristics of acetic acidstretches of water have been studied by vibrational sum
solutions in terms of monomers and diméfEhey report that frequency spectroscopy (VSFS) in the concentration range
the cyclic dimers dominating at high concentrations break up 0—100%. The spectra provide information about the concentra-
upon addition of water, to form non-, mono-, and dihydrated tjon-dependent surface behavior of acetic acid and water. To
linear dimers. In contrast, Nishi et al. favor a description of explain the spectral features in more detail, the knowledge of
acetic acid solutions as consisting of two microphases, one watefihe different species of acetic acid discussed already has been
cluster phase and one acetic acid cluster piaaed they also  ysed. The following paper in this issue further explores the
consider that chain clusters form instead of cyclic dimers in jnterface of aqueous acetic acid solutions and provides an

pure liquid acetic acid? However, the common view is that  grientation analysis of interfacial acetic acid and water mol-
acetic acid consists of monomers and linear and cyclic dimers g¢yles.

as discussed already.

A comprehensive list of vibrational frequencies for acetic acid 2. Theory
and its deuterated derivatives dates from the work of Haurie et
al.1® obtained from both Raman and IR spectroscopy. The VSFS (or sum frequency generation, SFG) is a second-order
frequencies are summarized in Table 1. Unless otherwise statednonlinear laser spectroscopic technique well-suited for interfacial
the mixture is in the liquid phase. All vibrations are stretching studies. The theory has been extensively treated in other
vibrations. sources’ 3! and only a summary of the most important
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concepts is presented here. VSFS can be applied to all interfacedRaman polarizability tensor componenj; and the IR transition

accessible by light, for example, the liguidas, solid-liquid,

and liquid-liquid interfaces. The technique utilizes two pulsed
laser beams, one at a fixed visible frequency and one that is
tuneable in the IR region. These beams overlap in time and

space at the interface, and a third beam with the sum frequency

of the two incident beams is emittedsrc = w.is + wir. During

the SF process, the energy and momentum of the radiation ar
conserved. The SF process can be viewed as a resonant |
absorption followed by a nonresonant Raman process, meanin
that a molecule must be both IR and Raman active in order to
give rise to sum frequency generation. VSFS can only detect
molecules with a net orientation (i.e., not isotropically distrib-
uted), and the surface specificity of VSFS arises from the fact

that a second-order process can only occur in noncentrosym-

metric media under the electric dipole approximation. In contrast
to isotropic bulk media, interfaces are noncentrosymmetric, from
which it follows that it is possible to distinguish molecules at
the interface from the vast excess of the same molecules in th
bulk.

The intensity of the sum frequency signal is proportional to
the square of the surface nonlinear polarization, which in turn
is related to the surface nonlinear susceptibility, according to
eq 2

lsra 0 1Psrd® O 172121 il imLardKinK s (1)
wherelsggis the sum frequency intensitPsks is the induced
surface nonlinear polarizatiop{? is the macroscopic second-
order nonlinear susceptibilityyis andlr are the intensities of
the visible and IR beams, respectively, dngt Kir, andKyis

are the Fresnel factors. The nonlinear susceptibility has a
nonresonant contribution primarily related to the polarizability
of the interfacial molecules and resonant contributions from
vibrational modes of the interfacial molecules, according to eq
2

12 =+ Yk ¥y
n

wherey{ is the nonresonant part, ang’, are the resonant
parts of the susceptibility. For a dielectric surface, as in our
case 2 is real3® Because of the coherent nature of the sum
frequency process, it is possible to determine the average
orientation of interfacial molecules by performing experiments
with different polarization combinations. In this report, all
experiments have been performed with the polarization com-
bination ssp (s-polarized SF, s-polarized visible, and p-polarized
IR beam, respectively), which in principle probes vibrations
having a component perpendicular to the surface. Beams with
s polarization are polarized perpendicular to the plane of
incidence, and beams with p polarization are polarized parallel
to the plane of incidence.

The nonlinear susceptibility is related to the orientationally
averaged hyperpolarizability, described by eq 3

N
1 = B0 ©)
0

wherexg’ is the second-order nonlinear susceptibility corre-
sponding to a vibrational resonanch, is the number of
molecules ¢ is the dielectric permittivity, andp&’Odenotes
the orientationally averaged molecular hyperpolarizability for
a vibrational resonancgd@ is related to the product of the

i

&

dipole momenj,, according to eq 4

(2) — @'aaﬁ“}mlﬂy'gm
By Wh — ORr— iI_‘n

B (4)

whereg is the ground statey is an excited statepr is the
requency of the IR laser beam, is a vibrational transition
requency,i is the imaginary unit, and’, is the damping
onstant. Equation 4 shows that the hyperpolarizability and
thereby the SF intensity increase when the IR beam is in
resonance with a vibrational transition. Note that caution must
be taken when a beam is close to strong resonances (such as
electronic transitions) of the molecules, because the perturbation
might not be considered “small” under those conditions. The
Bloch equations are therefore commonly used in nonlinear optics
to describe strong interactiofs.

<} Experimental Section

3.1. Sum Frequency Generation Spectrometein general
terms, a pulsed Nd:YAG laser was used to pump an optical
parametric generator /optical parametric amplifier (OPG/OPA)
to produce both a visible beam at a fixed wavelength and a
tuneable IR beam, which subsequently were directed toward
the sample. The intensity of the SF beam generated at the surface
was measured by a photomultiplier tube (PMT) and gated
electronics. Finally, the normalized SF intensity was plotted
against the IR wavenumber, generating the surface vibrational
spectrum. A detailed description of each of the different
elements follows.

3.1.1. Laser— OPG/OPA. The laser system employed
consists of an active/passive mode-locked Q-switched Nd:YAG
laser (Ekspla, PL2143A/20) with a fundamental output at 1064
nm, generating pulses with a length-e24 ps, a repetition rate
of 20 Hz, and an approximate energy per pulse of 40 mJ. In
the OPG/OPA (LaserVision), the fundamental is split into two
separate beams. The first beam is frequency doubled in a
nonlinear KTP crystal, thus producing radiation at 532 nm, part
of which is used as the visible beam in the experiments, while
the remaining part is used to pump the first stage of the OPG/
OPA which consists of two angle-tuned nonlinear KTP crystals
(type Il phasematching). The resulting idler wave (#8860
nm) from this first stage is combined with the second part of
the fundamental beam of 1064 nm for difference frequency
mixing in a set of two angle-tuned nonlinear KTA crystals (type
Il phasematching). The output of this second stage is used in
the experiments and is a mid-IR beam (@5 um) with a
bandwidth of 79 cnT! and a maximum energy per pulse
between 800 and 7@J depending on the wavelength. For
wavelengths longer thangn (below 2000 cm?), a third OPA
stage consisting of an angle-tuned AgGaSwgstal is used (type
| phasematching). The output of this final stage-12 um),
created by difference frequency mixing of the signal and idler
waves from the second stage, has a slightly broader bandwidth
(<15 cnT?) and a maximum energy per pulse of 70 to 4D
also wavelength-dependent. All angle-tuned nonlinear crystals
are moved independently with 5 stepping motors controlled by
a stand-alone computer, which is interfaced with the main
acquisition program.

The generated visible and mid-IR beams are overlapped in
time and space on the sample in a copropagating geometry,
where the incident angles are ®5&nd 63 from the surface
normal for the visible and IR beams, respectively. Before
reaching the sample, the visible beam first passes through a
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TABLE 2: Experimentally Obtained SF Frequencies of

Vibrations of Water, Acetic Acid, and Deuterated Water.
_ peak no. wn (cm™) assignment
m,‘ v SFG 1 ~1300 G-O stretch

Visible (532 nm)
2 ~1720 C=0 stretch
| 3 2740 free OD stretch (ID)
4 295G CHs; symmetric stretch
Himerie K8 5 ~2975 H-bonded CKCOOH
6 ~3250 symmetrically H-bonded 0
7 ~3420 asymmetrically H-bonded.®
8 ~3620 weakly/non H-bonded @
9 3702 free OH stretch (D)

2 This frequency corresponds to pure acetic acid. By decreasing acid

Figure 2. Sample cell used for the VSFS experiments. The visible concentration, the frequency decreases to 2943 @h0.3%.

and IR beams reflected from the liquid surface are not shown for clarity.

half-wave plate and a telescope to reduce the beam diameter t ortion of the main IR beam is passed throqgh to account for
R power fluctuations and gas-phase absorption. The beam path

approximately 1.4 mm, with an approximate energy of 0.9 mJ/ . I
: : _of the overhead is equal in distance to the one travelled by the
pulse. The IR beam is also first passed through a frequency main IR beam in the cell before reaching the sample. The cell

tuneable half-wave plate (Alphalas GmbH) and is focused down . . . .
to a beam diameter of around 0.9 mm at the sample, while is placed in a cooling bath, where temperature is controlled to

ensuring that the focal point is not at the surface of the sample within £0.2°C and continuously monitored with a thermocouple

but approximately 1 cm below (to avoid heating the surface). located insidg a.capillary tube in di.re.ct contact with the sample
Tighter focus (0.5 mm diameter at the sample) of the IR beam (not shown in Figure 2). Proper mixing is ensured by a glass-

was used for experiments below 2000'chto compensate for - E08RE FRR SurEl I T e CELCC TR R
the reduced energy per pulse. The IR beam is confined to a P

box containing an overpressure of dry air for at least 95% of and nitric acid, followed by a thorough rinsing procedure with

its path length, considerably reducing the IR losses in the {\(/I)lllz%watr;]eer. dﬁ?gﬁgﬁttgﬁégﬂfﬁéllgledWﬂlﬁr?ﬁ:ncgfizgggg
absorption bands of water vapor. pump ’ '

3.1.2. Detection and Acquisitioithe generated SF beam is a|r;1 i;w;:i\éimmgzlgg tz(:}niréigt;s;;ocfggnaég \/TVHE lr)?s;roofr::f
first passed through a series of irises to spatially filter scattered 9 P

light and then a band-pass filter (Omega Optical) and Notch sulfuric aciq for 24 h and thgn thoroughly rinsed with yvater.
Plus filter (Kaiser Optical Systems) before being focused toward All experiments were carried out at 448 0.2°C, \.Nh'ch

a monochromator (Jobin Yvon) with a PMT (Hamamatsu correospond_s to supercooled conditions for pure acetic acid (mp
R3788) attached at its exit. Gated electronics from Stanford 16.7°C). This low temperature was preferred in order to reduce

Research Systems (SR250, SR245) allow discrimination of the 1€ 9as-phase absorption of the IR beam before reaching the
PMT signal from the electronic background. The integrated sample and avoid deterioration of the windows. Nevertheless,

signal is finally acquired in a computer and processed by a exploratory tests at room temperatures yielded the same results

. . . as observed at 4C.
Labview (National Instruments) program. The tuning of the IR . . . .
wavelength is carried out in a continuous mode, in which the 3t2 Sggfgincggﬂaggggce“c (?E'g (é':;j'{;‘?gg %%/-99%)-
IR frequency is scanned at a speed of 1 &% The IR and acedlc acie—a: (d Th’ 12'3 Zgi'fcan i ( d X Ith 0) were
visible energy fluctuations are measured (Molectron energy used as receved. the 1o. m water used in the experi-

- ts was obtained from a Millipore RiOs-8 and Milli-Q PLUS
meter EPM2000 with J5-09B probes) and later used for SF ments was ot . . e )
intensity normalization. The averaging is at the same rate a5185 purification system, filtered with a 0;m Millipak filter.

the detection of the SF beam. A scattering background is Thtf] tolt\?_lnprgan:\: fgrbq? codntent of the V\:jatgrewasbmonltorefd
automatically recorded at the beginning of each scan by with a Mifipore A-19 unit and never exceeded © ppb in any o

motorized blocking of the path of the IR beam. Stepping motors the measurements.
were also used to adjust the IR-tuneable half-wave plate and
monochromator wavelength during the scan. At least 10 scans
were carried out per concentration, giving an average of noless A total of nine different peaks have been analyzed in the
than 600 shots per point in the spectra shown. The experimentsvarious spectra. The frequencies obtained in the SF experiments
were performed at least three different times. Spectra were alsoand assignments of the water and acetic acid peaks are
normalized to account for polarization and wavelength depen- summarized in Table 2. All peaks originate from stretching
dence of the band-pass filter, Notch Plus filter, monochromotor, vibrations.
and PMT. The frequency of the tuneable IR beam was calibrated 4.1. The CH/OH stretching region (2686-3900 cn1?). The
with a polystyrene film tat2 cm* using the standard CH and  ssp spectrum (only ssp spectra are reported in this paper) of
CC stretching absorption bands. water shown in Figure 3a is similar to that reported in other
3.1.3. Cell and Sample Preparatiofhe sample was placed VSFS experiment$27 Three prominent features are seen: the
in a custom-designed cell, the major features of which can be OH stretch of strongly hydrogen-bonded (symmetrically bonded)

4. Results and Discussion

seen in Figure 2. water at~3250 cntl, the OH stretch of weaker hydrogen-
The main body is made of glass, while the hollow lateral bonded (asymmetrically bonded) water&8420 cn?, and the
stoppers are machined in Teflon to accommodate (Bai free OH at 3702 cm!. The spectrum of pure acetic acid is

and BK7 windows. Hermetic sealing is granted by Kalrez shown in Figure 3b, in which only one peak is present, the
o-rings. The angles of the lateral arms match the incoming and symmetric methyl stretchi(CHz), at 2950 cm?, in agreement
outgoing angles of the IR and SF beams, respectively. The twowith the results in Table 1. The asymmetric peak shape of the
smaller upper arms are used for IR normalization, where a smallfree OH andv{CHs) originate from destructive interference with
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Figure 3. (a) SF spectrum of pure water. The peaks centered3@50 and~3420 cnt?! correspond to hydrogen-bonded water, and the peak at
3702 cn! corresponds to the free OH. (b) SF spectrum of pure acetic acid. The peak at 2958 assigned tos(CHs). The lines are just guides
to the eye.
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Figure 4. (a) SF spectra with ssp polarization in the low concentration range of aqueous acetic acid solutions. Pure water is shown as a reference.
The inset is shown to make the features in the spectrum of 0.3% acetic acid clearer. (b) SF spectra with ssp polarization in the high concentration
range of aqueous acetic acid solutions. The spectrum of 7% (same as in Figure 4a) is shown for reference. The inset is a magnification of the CH
stretching region. The lines are just guides to the eye.

an adjacent peak at the low-wavenumber side for the free OH to be directed into the polar bulk liquid pha®end hence, the

and destructive interference with the nonresonant backgroundmethyl group would tend to point into the gas phase. Evidence

at the high-wavenumber side fogCHy). that the polar group points into the liquid phase is found from
From IR S’[udiesl the OH stretch of pure hydrogen_bonded the fact that the free OH of acetic acid at 3583 @ér#f is not

acetic acid is known to give rise to a broad band centered atSeen at any concentration. Two other bands also appear at

~3000 cnT.8 The lack of this broad band in the SF spectrum 0.3%: at 2975 cm', a band superimposed @g(CH) is seen,

of pure acetic acid is discussed in the following text. and also, a weak band at 3620 this observed.

Figure 4a shows three spectra of 0, 0.3, and 7% acetic acid. As for 1.6%, the peaks assigned to the OH stretch of
Uniquely for the spectrum of 0.3% acetic acid, all of the six hydrogen-bonded water and the free OH of water have totally
peaks (peak numbers-9 in Table 2) encountered in the CH/  Vvanished for 7% acetic acid and all higher concentrations,
OH region are seen (inset in Figure 4a), even though some areindicating that the acetic acid molecules have disrupted the
weak. At all other concentrations, at least one of the peaks is hydrogen-bonding network of water in the interfacial region.
absent. It is further seen in the spectrum of 0.3% that the This lack of signal can be used to infer the absence of ionized
intensity in the spectral regions of hydrogen-bonded water and acetic acid surface species, as it has been observed previously
the free OH has decreased significantly compared to the that charged surface-active molecules will tend to orient more
spectrum of pure water, despite the small amount of acetic acidWater molecules in the surface region because of the high electric
added. These features disappear at a concentration of 1.6% acetiéeld.*>"This ordering causes the SF signal of hydrogen-bonded
acid (spectra not shown). It can also be observeditf@iHs) water to increase in the 308@500 cnt! range. Because this
starts to appear at 0.3% and is present throughout the wholeincrease is not observed in these experiments, it indicates that
concentration region_ The presence of the Strong methy| peakthe acetic acid is not ionized, which is consistent with its bulk
indicates the preferential orientation of acetic acid at the behaviorl®> Moreover, the symmetric and antisymmetric car-
interface. While it is not a priori possible to say whether the boxylate peaks originating from the acetate anion are not seen
methyl groups point up or down, it is likely that the methyl ~at any concentration, as will be discussed in a later section.
groups point toward the gas phase. This is justified by the The intensity ofvgCHs) in the spectrum of 7% acetic acid
following argument: In order to minimize the free energy of has increased significantly compared to the spectrum of 0.3%.
the system, the polar end of the acetic acid molecule will tend When comparing the spectra in Figure 4a and b, it can be seen
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Figure 5. (a) SF spectra with ssp polarization of 7% £HDOH in HO and 7% CRCOOD in HO. In the spectrum of CEZOOD, v{(CHj) is
absent. (b) SF spectra with ssp polarization of 7%CBIOH in HO and 7% CHCOOH in D,O. The broad bands at2975 and 3620 cnt are
absent in the spectrum of GHOOH in D,O. The inset in (b) shows an SF spectrum of the free OD stretch of p@ef@ reference. The lines
are just guides to the eye.

that the intensity ofs(CHs) decreases with increasing concen- broad bands at 2975 and 3620 ¢nfhave vanished. Thus, we
tration above 7% acid. However, a quantitative study found in suggest that they originate from hydrogen bonding between CH
the following paper of this issue shows that the fitted amplitude COOH and HO as will be discussed. Therefore, the band at
of v{(CHjz) remains essentially constant throughout the concen- 2975 cnr? is assigned to the OH stretch of hydrogen-bonded
tration range, apart from 0.3% where it is lower. This is due to acetic acid, and the band at 3620 ¢nis assigned to the OH
the fact that the broad band centerec~&975 cm, which stretch of weakly or non-hydrogen-bonded water. The decrease
decreases by increasing concentration above 7%, is superimin intensity of the latter band at higher concentrations of acetic

posed orvs(CHs). The bandwidth ob{(CHy) is also constant,  a¢id is explained by the fact that there are fewer water molecules
while the peak position changes slightly by concentration, from gyajlable for hydrogen bonding.

1 0 0 i i i
2943 cnt! at 0.3% to 2950 cm' at 100% acetic acid. Besides 4.2. The G-0IC=0 Stretching Region (1086-1950 cnm?).

the symmetric methyl stretch, the broad bands-2875 and ) . . . .
~362}6 entl are cleaﬁy seen in the spectrum of 7% acetic acid. The C-0O/C=0 stretching region provides valuable information
The spectrum of 12% (not shown) is almost identical to that about the surface structure in combination with the information
obtained from the CH/OH stretching region. The=O stretch-

of 7% acetic acid, indicating that the surface structure remains . L ; SO )
almost constant over that concentration range. At concentrationsnd vibration was most extensively studied in this region because

higher than 12% acetic acid, many bands start to decrease int 9Ves rise to a much stronger signal than the@stretching
intensity, as seen in Figure 4b. At 49% acetic acid, the intensities ViPration. Figure 6 shows spectra in the-O/C=0 region. The

of the broad bands centered at 2975 and 36201chave weak band centered at1300 cnt? in Figure 6a for 7% acid is
decreased significantly, and at 100% acetic acid, they haveassigned to the €0 stretching vibration of acetic acid, in
disappeared. As mentioned already, the former of these bandsgreement with Raman and IR studié&“**However, it is likely

has previously been studied by IR spectros€anyd assigned that the C-O stretch is coupled with other vibrations of the
to the OH stretch of hydrogen-bonded acetic acid. The latter acetic acid molecul& This band is only seen for a few
band has been studied in liquid water by Raman spectroscopy,concentrations and is always weak compared to tf©@®and,
and resonances in the region 363560 cnt! have been which is explained by the lower IR and especially Raman cross-
ascribed to free OH oscillato?83°In a VSFS study, a band at  sections of the €0 stretch.

3560 cn* has been assigned to weakly hydrogen-bonded OH  The bending mode of ¥ at~1600 cnt! “2is not observed
oscillators of watef? A control experiment with deuterated  in pure water, nor in any mixture with acetic acid. This may be
derivatives of water and acetic acid has been performed to gye to lower IR and Raman cross-sections compared to the

corlflirm. the assignments of the bands~a29750 and~3620 stretching vibrations and also the fact that the transition dipole
cm = Figure 5a d|§plays two spectra, one of 7%4CDOD in moment of the bending vibration is close to the surface plane.
H20 and one of 7% CECOOH in RO for reference. Other modes not detected are the deformation modes of the

The two spectra in Figure 5a show striking similarities in
the whole spectral range except thgtCHs) is absent in the
spectrum of CRCOOD as expected. Because the broad bands . o . )
at 2975 and 3620 cm are still present in the CfZZOOD An important observation in Figure 6 is that there is only
spectrum, the conclusion can be drawn that the methyl group©"€ C=O peak, located at 1720 cththroughout the whole
is not responsible for those spectral features. Figure 5b showsconcentration region. The peak position of 1720~ &nis
a spectrum of 7% CHCOOH in D,O and a spectrum of 7%  consistent with protonated acetic acid and confirms the idea
CH3COOH in HO for reference. There will be an exchange discussed already that the surface species are undissociated. The
between the acidic hydrogen of the acid and the deuterons ofacetate anion would be easily distinguished by the fact that it
D,0, but because there is a vast excess of deuterons, the spectrdlas two bands at 1423 and 1579 ¢moriginating from the
features of the protonated acid will vanish. The inset in Figure symmetric and antisymmetric carboxylate stretching vibrations,
5b shows the free OD stretch of pure@ which is red-shifted respectivel§® (the absorption region for the acetate anion is only
around 1000 cm! compared to the free OH of . In the shown in Figure 6a for 7% acetic acid, but no signs of acetate
main figure, it is seen thaty(CHs) is still present, but the two  bands are seen at any concentration). The peak positions have

methyl group of acetic acid at1400 cnt?,1°-20despite the fairly
high IR and Raman cross-sections.
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Figure 6. (a) SF spectra with ssp polarization of pure water and 7% acetic acid in water in—t#G=-O region. (b) SF spectra with ssp
polarization of pure water and 0.3% and 7% acetic acid. (c) SF spectra with ssp polarization of 7, 43, and 100% acetic acid. At the high wavenumber
side of the G=0 peak, constructive interference with the nonresonant background tends to increase the intensity of the tail. The lines are just guides
to the eye.

been confirmed by a VSFS study of a fatty acid at the water dominant surface species by the absence of tf®®eak in
air interface, where the symmetric carboxylate stretch of the the spectrum, rather than by a characteristic peak.

acetate anion was observed at 1420 tmand the protonated The explanation whyg(CHs) still shows some intensity at

species at 1720 crd.4° 100% acetic acid is that the methyl groups in the cyclic dimer
Furthermore, the constant shape and bandwidth2gf cnt? are further apart than the=€D groups and thus reside in

of the G=0 stretch in our experiments also shows that only different environments: one methyl group points out into the

one of the acetic acid Species depicted in Figure i, (_[_\[D' or gas phase and the other pOintS into the bulk. Thus, even thOUgh

CD) can be responsible for the SF signal throughout the whole the cyclic dimer is centrosymmetric in isolation, the centrosym-
concentration range where it was detected. The three speciednetry regarding the methyl groups is broken at the surface.
can be distinguished in IR and Raman spectroscopy by the Hence, the intensity of the(CHs) peak is assumed to have
position of the G=O peak as shown in Table 1. Hydrated contributions also from cyclic dimers. The increase in frequency
monomers have the IR and Raman absorptions in close of v{(CHs) from 2943 to 2950 cmt throughout the cqncentration
proximity to each other, and the same is true for the linear range 0.3-100% acid is also a proof of a change in the surface
dimers. In contrast, the cyclic dimer has a splitting between Structure, despite the fact that it is not possible from the
the IR and Raman absorption frequencies, because the tWOfrequency change to judge what structural change has occurred.
corresponding modes belong to different symmetry species. This The disappearance of the OH stretch of hydrogen-bonded
is due to the fact that the cyclic dimer is centrosymmetric, and acetic acid at-2975 cnr* at high concentrations also supports
the G=0 stretch of the cyclic dimer would therefore not be the argument of cyclic dimer formation. The same signal
expected in an SF spectrum. Therefore, the peak must originatec@ncellation as for the €0 stretch should also occur for this
from either the hydrated monomer or the linear dimer. Inspection Peak, because the SF signal of the hydrogen-bonded OH stretch
of Figure 1 shows that two-€0 peaks (hydrogen-bonded and  ©f @ cyclic dimer must vanish due to centrosymmetry. The OH
free carbonyl group) would be expected for the linear dimer, Strétch of hydrogen-bonded acetic acid is known from IR
favoring an assignment of the vibration to the hydrated SPectroscopy of pure acetic aéidihere it necessarily originates
monomer. This seems reasonable particularly in the view of ffom acid-acid interactions. However, according to the earlier

the fact that at 0.3% acetic acid, only the hydrated monomer is diScussion, it follows that this band arises from waiacid

present in the bulké A bulk concentration of 0.3% corresponds  INtéractions in hydrated monomers in our VSFS experiments.
to 7% acetic acid at the surfatand also at that concentration, ~ Another argument to explain the decrease and absence of
the hydrated monomer would be dominant. There is no intensity of many bands at higher concentrations could be a
spectroscopic reason that linear dimers should not be observedhange in orientation or an increase in disorder of the acetic

in SF spectra, but the results presented here show no signs of®¢id molecules. However, an orientation analysis based on
linear dimers at the surface. polarization experiments, reveals that such arguments can be

4 . : ; . .
As seen in Figure 6b and c, the intensity of the @ stretch neglected? Reference 44 is a continuation of this paper and is

increases up to 7% and then decreases at concentrations abovconcerned with calculations of the orientation of interfacial
P 0 gcetic acid molecules.

7% acetic acid. For concentrations higher than 43%, ts©C
peak is not detected. Note, however, that in the spectrum of
100% acetic acid, there is a small feature in the@region.
The disappearance of the<®O peak at higher concentrations Several stretching bands of acetic acid and water have been
is explained by the fact that at low concentrations, hydrated ppserved by vibrational sum frequency spectroscopy (VSFS),
monomers, which dominate the bulk, reside at the surface andand their concentration dependence have been studied. It has
give rise to SF intensity. When the concentration of acetic acid been concluded that even such small amounts as 0.3% acetic
increases, the cyclic dimer concentration will increase in the acid disrupt the water surface significantly. Furthermore, the
bulk and at the surface, leading to a decrease of the concentratiospectral features of the two hydrogen-bonded peaks3250

of hydrated monomers. Because cyclic dimers are centrosym-and~3420 cnt?, and the free OH at 3702 crh characteristic
metric, they will not give rise to any<€0 signal. Thereby, the  of a pure water surface, already disappear at a concentration of
SF signal decreases until it totally vanishes at high concentra-1.6% acetic acid. The dominating spectral features at concentra-
tions of acetic acid, where the surface is dominated by cyclic tions higher than 1.6% are the symmetric methyl stretch of acetic
dimers. The cyclic dimers are thus identified indirectly as the acid at 2943-2950 cn1?! (depending on concentration), the OH

5. Conclusions
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stretch of hydrogen-bonded acetic acich&@975 cnt?, the OH
stretch of weakly or non-hydrogen-bonded water~&620
cm1, and the GO stretch of acetic acid at 1720 cf At
concentrations higher than 49%, the OH stretch of hydrogen-
bonded acetic acid and the OH stretch of weakly or non-

hydrogen-bonded water disappear, and at concentrations higher

than 43%, the &O stretch vanishes. The interfacial acetic acid

molecules have been determined to be protonated in the whole (17)

concentration range studied. In the=O region, the hydrated

acetic acid monomer has been favored over the cyclic and linear

dimers to give rise to the SF signal. However, because of its
centrosymmetry, the cyclic dimer gives rise to indirect informa-
tion through the absence of absorption bands in #s©Cegion.

In the CH region, the hydrated monomer and the cyclic dimer
are determined to contribute to the SF signal. TheCQC
stretching vibration at-1300 cnT! has been reported for a few
concentrations as a weak band. A theoretical analysis of the
orientation of the interfacial acetic acid molecules is presented
in the following paper in this issue.
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