7338 J. Phys. Chem. 007,111, 7338-7346

Structure of Butanol and Hexanol at Aqueous, Ammonium Bisulfate, and Sulfuric Acid
Solution Surfaces Investigated by Vibrational Sum Frequency Generation Spectroscopy
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The organization of 1-butanol and 1-hexanol at the-kduid interface of aqueous, aqueous ammonium
bisulfate, and sulfuric acid solutions was investigated using vibrational broad bandwidth sum frequency
generation spectroscopy. There is spectroscopic evidence supporting the formation of centrosymmetric structures
at the surface of pure butanol and pure hexanol. At aqueous, ammonium bisulfate, and at most sulfuric acid
solution surfaces, butanol molecules organize in all-trans conformations. This suggests that butanol self-
aggregates. The spectrum for the 0.052 M butanol in 59.5 wt % sulfuric acid solution is different from the
other butanol solution spectra, that is, the surface butanol molecules are observed to possess a significant
number of gauche defects. Relative to surface butanol, surface hexanol chains are more disordered at the
surface of their respective solutions. Statistically, an increase in the number of gauche defects is expected for
hexanol relative to butanol, a six carbon chain vs a four carbon chain. Yet, self-aggregation of hexanol at its
aqueous solution surfaces is not ruled out because the methylene spectral contribution is relatively small. The
surface spectra for butanol and hexanol also show evidence for salting out from the ammonium bisulfate
solutions.

Introduction A configurational bias Monte Carlo simulation of 1-butanol on
) ) ) ~ water showed that the butanol monolayer has an excess of
The uptake of volatile organics by tropospheric aerosols is a gyrface hydrogen bond acceptor sites in the subsurface
possible mechanism for aerosol growtRecent field measure- layer1s
ments show that aerosols and cloud droplets can contair_1 0rganic "Recent molecular beam experiments showed that the presence
compounds from 20% to 70% by mass.And recent field  of pytanol films does not impede the evaporation of water from
campaigns have detected a large number of short-chainedsfuric acid solutiond® The uptake of HCI and HBr gases is
oxygenated compounds present in tropospheric aeresbls.  enhanced with the butanol hydroxyl groups providing basic sites
decrease in surface tension relative to that of pure water hasgyailable for protonation by the aciééHowever, the evapora-
been observed in wet aerosol and cloud/fog sarpleggesting tion of H,O from 56 to 60 wt % BSO; is impeded by the
that organic compounds are present at the surfaces of aerosolssresence of a hexanol film. The hexanol film also raises the
This is important since the presence of organic compounds atentry probability of HCI and HBr into 60 wt % §50,.1° In
the surface may change the uptake capabilities and hygroscopicanether study, the presence of millimolar hexanoic acid
ity of aerosols, affecting aerosol growth and ultimately cloud concentrations reduced the uptake eEblby artificial seawater
albedo®3” by a factor of 3-418 These results suggest that there are
It has long been known that long-chain surfactants are able differences in the surface structure of butanol and hexanol
to form monolayers at the surface of watérHowever, the solutions.
ordering of shorter, more soluble alcohols such as butanol and In this study, the organization of butanol and hexanol
hexanol at the surface of aqueetadcohol mixtures is not yet  molecules at the airliquid interface of aqueous, aqueous
well understood®!!Inorganic species such as sulfuric acid and ammonium bisulfate, and sulfuric acid solutions was investigated
ammonium sulfate salts have also long been known to be theusing vibrational sum frequency generation (VSFG) spectros-
predominant fraction of tropospheric aerosBlat the surface copy. Butanol and hexanol were chosen due to questions arising
of acidic solutions, the orientation of short-chained organics is from the recent studies mentioned abé¥%&17After providing
even more poorly characterizéd'3 The structure of the short-  a brief overview of VSFG theory, experimental details including
chain surfactant layer is likely to be important in the ability of fitting procedures are presented, and then in the Results section,
the underlying aqueous solvent to absorb gas-phase compounds/SFG spectral assignments are provided. (Spectral fits are
Monte Carlo simulations found that the hexanol hydroxyl groups shown in the Supporting Information.) The Discussion presents
hydrogen bond with water molecules at the 1-hexamater the interpretation of the spectra in terms of organization at the
interface!* Packing of the hexanol molecules allowed for surface beginning with neat alcohol comparisons.
minimal water penetration into the alkyl chain region suggesting  Chemical abbreviations used in this paper are BuOH (bu-
that hexanol impedes the evaporation of water from the bulk. tanol), HexOH (hexanol), and SA (sulfuric acid). In addition,
vibrational sum frequency generation (VSFG), broad bandwidth
t Part of the “Roger E. Miller Memorial Issue”. sum frequency generation (BBSFG), symmetric stretch (ss), and
* Corresponding author e-mail: allen@chemistry.ohio-state.edu. asymmetric stretch (as) are used.
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Experimental Section
Sum Frequency Generation SpectroscopyVSFG is a

surface selective technique. It is a second-order nonlinear optical

technique sensitive to environments lacking inversion symmetry.

It has been used to study, among others, solid and liquid surfaces

with atmospheric relevanéé 23 It is sensitive to both the

number density and the molecular orientation of the molecules
at the interface. Thorough treatments of VSFG theory can be

found in the literatur&-27 and a brief introduction is given here.

The intensity of the SFG signdlsgg, is proportional to the
absolute square of the macroscopic nonlinear susceptibyifity,
and to the intensity of the infrared and 800 nm incident beams,
eq 1.

lsee U |X(2)|2|(°U|R)| (g0 1)

The macroscopic nonlinear susceptibilif?), is described by

a nonresonant tern%i), and the sum of the resonant terms,
(%)

X, eq 2.

PP =+ Y )

J. Phys. Chem. A, Vol. 111, No. 31, 2007339

spectra&*28The obtained ratio is related to the orientation angle,
Och,, @s shown in eq 6.

ICH3fss,ssp: dSS,SSPZR(Q) (6)
o, -ss.ppp  Oag_ppp R(0)
where
R(#) = |[GosO cltos OF (7)

The parametersl and c are defined using the Fresnel coef-
ficients, the hyperpolarizability ratio, the molecular hyperpo-
larizability, and the related Euler angle transformatf8d%as
derived in Wang et &8:31.32

The variable input parameters used in this study (SF, IR,
visible beam angles, depolarization ratio, indices of refraction)
and an example calculated plot @fs ss?R(6)/dss pps?R(0) Vs
6 are available in Supporting Information. The calculated
average orientation angles for neat butanol and the butanol
solutions are also found in the Supporting Information. It is
assumed that the GHyroup hasCs, symmetry, that the surface
is isotropic, and that the orientation angle distribution i§ a
function??3°The average orientation angle of the methyl group

When the frequency of the incident infrared beam is resonant in neat butanol is the largest @, = 57°. The various butanol

with a vibrational modey, then the resonant term dominates
the nonlinear susceptibility. The resonant susceptibility term,

solutions have methyl orientation angles ranging from 385
48.5. Using the orientation angle of the methyl group, and an

%2, is related to the number density of the surface species andangle of 108 between the Chicarbons in the chain, the average

to the molecular hyperpolarizability,, through the orienta-
tionally averaged Euler angle transformati@ik.imn) between

the laboratory coordinates (I1JK) and the molecular coordinates

(Imn), eq 3.
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The molecular hyperpolarizability is proportional to the infrared
transition momenty, and the Raman polarizability tenser,

showing that SFG active modes must be both Raman- and IR-

active, eq 4.
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From eq 4, the resonant macroscopic nonlinear susceptibility

is shown in eq 5.
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In the above equation,,As the strength of the transition moment
andw, is the frequency of the transition.

From egs 4 and 5, it becomes clear that only noncentrosym-

metric systems, such as the-aliquid interface, will be SFG-
active. When the frequency of a vibrational mode,, is
resonant with the infrared frequenay,r, the denominator in
eq 5 becomes small ang,, and thereforex(f), will be

tilt angle of the butanol chains is calculateéto be 4 to 13
from the surface normal using eq 8.
o =135.5— GCH3| (8)
BBSFG Instrumentation and Experimental Details.Details
of the broad bandwidth SFG (BBSFG) system can be found in
previous publicationd*3> Briefly, two 1-kHz repetition rate
regenerative amplifiers (Spectra Physics Spitfire, femtosecond
and picosecond versions) are utilized. The picosecond amplifier
produces a narrow bandwidth (17 thy 2 ps pulse at a
wavelength o800 nm. The femtosecond amplifier is used to
pump an optical parametric amplifier (Spectra-Physics OPA
800F) to produce a broad bandwidth100 fs, infrared pulse.
The spectral window of the IR pulse was450 cnt! in the
C—H stretching region for these experiments. The energy of
the 800 nm beam used was 16065 4J, and the IR energy in
the C—H stretching region was 5:25.6 uJ at the sample. The
BBSFG experiment was performed in reflection geometry.
The SFG beam is dispersed spectrally in a monochromator
(Acton Research, SpectraPro 500i) using a 1200 g/mm diffrac-
tion grating blazed at 750 nm. The SFG signal is collected with
a CCD detection system (Roper Scientific, LN400OEB, 1340
400 pixel array, back-illuminated CCD). Spectral resolution was
determined to be 8 cm.36 Calibration of the CCD camera was
completed using the 435.833 nm line from a fluorescent lamp.
Three polarization combinations were used in this study: ssp
(s-SFG, s-800 nm, p-infrared), ppp (p-SFG, p-800 nm, p-
infrared), and sps (s-SFG, p-800 nm, s-infrared). The polariza-
tion of the 800 nm beam is determined by rotation of a zero-

enhanced. A VSFG spectrum results from the nonlinear responseorder waveplate. By rotation of a MgBerek’'s compensator,

over the frequency range probed.
The average orientation of the terminal methyl group for
butanol,fch,, and the average chain titt, of the surface butanol

the desired IR beam polarization is determined. A glan polarizer
in the SFG detection line selects the SFG polarization.
The ssp-polarized spectra were obtainedhwé 2 min

molecules when assuming an all-trans conformation were acquisition time. The ppp and sps spectra used 5 min acquisition
calculatedfcn, is calculated from the ratio of the square roots times. For comparison of the different polarization spectra, the
of the intensity of the Chktss in the ssp and ppp polarization ssp spectra were multiplied by a factor of 5/2. For each solution
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and polarization combination, three spectra were obtained. Threeto level off, slightly less than maximum surface coverage. The
background spectra were also obtained by changing the timinggreatest concentrations correspond to the region where the
of the 800 nm beam. The spectra shown in this paper are thesurface excess is constant, maximum surface cover&gé?
average of the three spectra with the average of three background’he maximum surface coverage for butanol in 61.5 wt % SA
spectra subtracted. The VSFG spectrum is normalized againstis (2.25+ 0.01) x 10*/cn? and for hexanol is (2.8 0.04)
a smoothed nonresonant VSFG spectrum from a GaAs crystalx 10"%cm?.37 A neutron reflection study found that hexanol
to remove any structure present in the IR pulse profile. The forms an open film on a water surface, with the hexanol chains
dips in a polystyreneGaAs spectrum are used to calibrate the tilted. A molecular dynamics study of a soluble six-atom
wavenumber position for each set of experiments. surfactant chaitf found that the surface excess plateaus beyond
Spectral Fitting. Spectra are fit using the software package a certain bulk concentration. When increasing from the lowest
IgorPro 4.05. The VSFG spectra are fit with Lorentzian line to the highest concentrations used in these studies, the surface
shapes according to egs 1 and 5 using IgorPro with user-addedexcesses of butanol and hexanol double. All concentrations used
fitting functions. The fitting requires user input for the following in this study were below the solubility limits of the alcohols in
parameters: two non-resonant terms, the peak amplitudes andvater: 115 g/L for 1-butanol and 7.9 g/L for 1-hexafbl.
phases, peak positions, and peak widths for each component Prior to obtaining the VSFG spectra of the 1-alcohol solution
peak. The parameters can be held constant or allowed to varymixtures, the spectra of the neat alcohols were investigated. The
with the fit. Unless otherwise noted in this work, the parameters neat 1-butanol ssp spectrum, shown in Figure 1a,b, is fit with
were allowed to vary and the peak positions reported are the four component peak¥:the CH-ss at 2846 cm, the CHy-ss
best fits found with the software. The number of peaks fit at 2877 cm?, the CHh—FR at 2908 cm?, and the CH-FR at
corresponds to the number of vibrational modes expected to be2941 cnt?.
SFG-active. The inclusion of a component peak due to the The neat 1-hexanol ssp spectrum, shown in Figure 1f,g, is
presence of water in the interfacial region was tested in the fit with six component peak® the CH-ss at 2856 cm, the
spectral fitting of the water and NHSQ, solutions and included ~ CHas-ss at 2878 cmt, three CH Fermi resonances at 2903,
if it improved the overall fit. Attempts were also made for the 2922, and 2947 cnt, and the CH-FR at 2939 cm?.
butanol in water solutions to include contributions from the The ppp and sps polarization spectra of both neat butanol
asymmetric CH and CH modes to the ssp spectra. Further and neat hexanol are shown in Figure 1b,g. The ppp spectra
details and examples of the spectral fits are found in the are fit with three component peaks: the £8$, the CHas,
Supporting Information. and the CH-as. The sps spectra are fit with two component
Chemicals.1-Butanol (HPLC grade, Fisher Scientific), hexyl peaks: the Chtas and the Cklas. The spectra of neat 1-butanol
alcohol (98%, Acros Organics), sulfuric acid (redistilled, and neat1-hexanolin this study are consistent with those found
95.6 wt %, GFS), and ammonium hydrogen sulfate (98%, in the literature?®=3!
Aldrich) were used as received. Deionized water was obtained The VSFG spectra of butanol in water, aqueous ammonium
from a Millipore Nanopure system (18-1.8.2 MQ-cm). bisulfate, and SA shown in Figures-B possess four, three,
The 59.5 wt % sulfuric acid solution was prepared by diluting and two component peaks for the ssp, the ppp, and the sps
95.6 wt % sulfuric acid with deionized water. The concentration SPectra respectively, excluding addition of a broad band
was determined by titration with a standardized sodium hy- attributed to OH stretching of water in the aqueous butanol
droxide solution to+0.1 wt %. The ammonium bisulfate  Spectra. For the VSFG spectra of hexanol in water, aqueous
solution was prepared by dissolving the salt in deionized water @nmonium bisulfate, and SA (also shown in Figures3},
and filtering two times through a carbon filter (Carbon-Cap 75, assignments revealed six, three, and two component peaks for
Whatman). The concentration (0.280.1 M) was determined ~ the ssp, the ppp, and the sps spectra respectively. Only the
spectroscopically using the sulfate vibrational mode at 985cm ~ @queous hexanol solutions included the broad water band, similar
The butanol and hexanol solution concentrations used in thist0 the aqueous butanol solutions. In general, the assignments
study were chosen to reflect different surface excess condi- follow the neat butanol and neat hexanol assignments discussed
tions3” The concentrations and their respective uncertainty usedabove. (Peak positions, assignments, and example fits are shown
in this study were (0.56& 0.02), (0.179+ 0.003), and (0.052 in the Supporting Information.) Of major importance here are
+ 0.002) M BuOH and (0.05Gt 0.002), (0.045+ 0.002), the CH-ss and the Chiss denoted by the first two dashed lines
(0.0099+ 0.0003) M, and (0.005% 0.0001) M HexOH. in Figures 1-3 (parts b-e and g-j).

Discussion

The ssp, ppp, and sps VSFG spectra of neat, aqueous, aqueous

While the VSFG spectra of neat alcol§Ig!-32are found in ammonium bisulfate, and 59.5 wt % SA butanol and hexanol
the literature, much less work has been done to understand thesolution surfaces are shown in Figures3l From left to right
surface structure of aqueous alcohol solutions. Recently the air denoted by dashed lines for Figures-3 (parts b-e) and
liquid interface of aqueous mixtures of methanol, ethanol, and Figures 13 (parts g-j) are the CH-ss, the CH-ss, the CH
propanol were investigated with VSFP&3538The air-liquid FR, and the Chtas, respectively. The GFbs peak intensity
interfaces of the longer, but still miscible alcohols (C4, C6) in goes through a maximum in the VSFG spectra for the butanol
aqueous, ammonium bisulfate, and sulfuric acid solutions are and hexanol solutions that does not correspond with increasing
the focus of this study. bulk concentration (or surface excess). Previous studies of short-

The butanol and hexanol solution concentrations correspondchain alcohols (C*C3)>have shown that the GFbs passes
to three different regions of the surface excess curves of through a maximum at a concentration below the solubility limit,
1-butanol in water and 61.5 wt % sulfuric acid solution, and as is observed here. This phenomenon is indicative of organiza-
1-hexanol in 61.5 wt % sulfuric acid solutidh.The lowest tion and orientation differences of the different solution
concentrations correspond to a region of low surface excess,concentrations. For the agueous solutions (Figure 1), the butanol
far from full surface coverage. The intermediate concentrations ssp VSFG spectra reaches a maximum at 0.50 M, and the
correspond to the region where the surface excess is beginninghexanol ssp VSFG spectra go through a maximum at 0.045 M.

Results
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Figure 1. VSFG spectra of the CH stretching region of the-@ 1-butanotwater mixtures and {fj) 1-hexanot-water mixtures. In parts-be
and g-j, the ssp spectra are shown in green, the ppp spectra are shown in blue, and the sps spectra are shown in pink. The dashed lines are guides
for the eye showing peak position variation; from left to right for parteband g-j are the CH-ss, the Chss, the CHB-FR, and the Chtas,
respectively.

3000

The VSFG response, in particular the £86 peak, for the moieties hydrogen bond preferentially to the solvating water
neat solution surfaces is relatively small when compared to the molecules, thereby breaking up the centrosymmetric surface
higher concentration solutions. Previously, orientation differ- aggregates.
ences have been used to explain the anticorrelation of the surface Another plausible explanation for the relatively small intensity
number density and the VSFG intensity of the £44%  of the neat alcohols is centrosymmetry due to formation of
Although this is still thought to be mostly true, the surface layered hydrogen-bonded structufésSimulations of neat
structure is more complex. Upon examination of the VSFG octanol show the formation of hydrogen-bonded ché&iri3A
spectra in Figures-13, it is clear that centrosymmetry is playing molecular dynamics study of the-octanol/vapor interfadé
a role in the reduced VSFG intensity of the &85 from the show the alkyl chains aligned at the surface. Several layers
neat butanol and neat hexanol surfaces. Orientation calculationdeneath the interface these molecules are also well aligned due
(described further below and in the Supporting Information) do to hydrogen bonding between the hydroxyl groups. The weaker
not account for the dramatic loss in VSFG signal intensity intensity of the neat alcohol ssp VSFG spectra is consistent with
relative to the solution spectra in Figures-3. Thus, self- partial alignment of butanol and hexanol several layers into the
aggregation into surface structures that possess inversioninterface, resulting in a cancellation of VSFG spectral intensity.
symmetry is likely occurring. Inverse micelle-like structures are  Comparing the neat alcohol ssp spectra (Figure 1a,f), the CH
quite plausible at the neat alcohol surfaces. The alcohol moietiesss intensity of neat butanol is greater than that of neat hexanol.
may form hydrogen-bonded aggregates that possess a certaiPerhaps hexanol, closer in length to octdhohan butanol,
degree of centrosymmetry. Upon addition of water, the alcohol exhibits a stronger tendency to form inverse micelle-like surface
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Figure 2. VSFG spectra of the CH stretching region of the-é3 1-butanot-0.78 M NH,HSO, mixtures and (fj) 1-hexanot0.78 M NHHSO,
mixtures. In parts be and g-j, the ssp spectra are shown in green, the ppp spectra are shown in blue, and the sps spectra are shown in pink. The
dashed lines are guides for the eye showing peak position variation; from left to right for patardl g-j are the CH-ss, the CH-ss, the
CHs-FR, and the Chtas, respectively.
structures or is somewhat better at forming multiple layered Presence of methylene VSFG intensity is an important
structures at the surface of its neat liquid. However, the indicator of gauche conformations, and therefore, ordering, or
additional presence of the Gis peak in the neat hexanol rigidity, of the alkyl chains® In an all-trans alkyl chain, local
spectra (Figure 1f,g) makes the neat hexanol structure deter-inversion centers disallow the SFG response, as is observed in
mination ambiguous. the butanol spectra shown in Figures3 (except the 0.052 M

A third contribution to the weaker intensity of the neat BuOH in SA). However, gauche defects destroy the local
alcohols may be due to a broad distribution of the alkyl chains centrosymmetric methylene structures and thereby the CH
around the surface norm#l.A broader distribution can be  modes in an alkyl chain become SFG-active. For hexanol, the
described by a Gaussian function rather thad &inction. CHa-ss is observed in all spectra (Figures3d), indicating that
However, the peaks would then be expected to be broad relativehexanol molecules possess a significant number of gauche
to the solution surface spectra. This is not observed, consistentdefects in their alkyl chains. Hexanol is disordered at the neat,
with Li et al3° aqueous, aqueous ammonium bisulfate and 59.5 wt % SA

The influence of solvent on the alcohol surface organization surfaces.
of the butanol and hexanol solution spectra is shown in  Using the fitted intensities of the GHand CH symmetric
Figures 3. The most noticeable difference between the stretches in the ssp spectra, thes3d/CH-ss ratios lcny/lch,)
aqueous butanol and aqueous hexanol VSFG spectra is thecan be calculated for each butanol and hexanol solution. This
significant presence of the Gks in the hexanol ssp spectra ratio (or its inverse) is used as a measure of gauche défects.
(Figures 3 (parts f-j)), and moreover, its near absence in Large CH-ss/CH-ss ratios indicate order, whereas small ratios
the butanol spectra (Figures-B (parts a-€)), with the exception indicate disorder in the alkyl chains. Although this indicator
of the anomalous 0.052 M butanol in SA spectrum (Figure 3a,e). can be convoluted by a methyl orientation effect, it provides

2900
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Figure 3. VSFG spectra of the CH stretching region of the-é3 1-butanot-59.5 wt % SA mixtures and {fj) 1-hexanot59.5 wt % SA mixtures.

In parts b-e and g-j, the ssp spectra are shown in green, the ppp spectra are shown in blue, and the sps spectra are shown in pink. The dashed
lines are guides for the eye showing peak position variation; from left to right for pagsand g-j are the CH-ss, the Ch-ss, the CH-FR, and

the CHs-as, respectively.

TABLE 1: Calculated Icn./lch, Ratio for the 1-Hexanol Solutions and the 0.052 M 1-butanol in SA Solution
neat HexOH 0.050 M HexOH 0.045 M HexOH 0.0099 M HexOH 0.0051 M HexOH 0.052 M BuOH

In Water
lchyllch, 7.3 14.0 18.0 9.2 9.0
In 0.78 M NHHSOy
lchdllchy 7.3 5.7 5.3
In 59.5 wt % SA
lchdllchy 6.5 3.0 12.1 7.2 25

additional evidence for order vs disorder. In Table 1, hexanol gauche conformations. Therefore, one would expect additional

Ichyflch, ratios and the 0.052 M butanol in SA ratio are shown. methylene intensity for hexanol relative to butanol. This is

The hexanol solutions have ratios less than 20. We were unableconsistent with previous work by Stanners et'and Nicholov

to confirm the presence of any VSFG &Bk intensity for the et al*®

butanol solution spectra, including neat butanol, and therefore, ~ Another possible explanation to our observation that butanol

we do not report ratios for these solutions; they are clearly large is significantly more ordered that hexanol at the surface of

for the butanol spectra, indicating that surface butanol may exist aqueous solutions stems from potential solvent interactions with

in all-trans conformations (the alkyl chains are well ordered). putanol vs hexanol. Butanol has a shorter chain, and energeti-
Hexanol has two additional methylene groups relative to cally it should be less favorable for the butanol chain to contain

butanol, and statistically, it has a greater possibility of producing gauche configurations, which would tilt the terminal methyl
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Figure 4. VSFG ssp polarization spectra of (a) 0.052 M 1-butanol solution and (b) 0.0051 M 1-hexanol solution. The water solutions are shown
in blue, the 0.78 M NEHSO, solutions are shown in green, and the 59.5 wt % SA solutions are shown in orange.

group back toward the surface. In hexanol, the conformation surface. Consistent with this hypothesis, propanol studies show
with C3 gauche to the oxygen is the lowest energy conforma- that even at very low concentrations, the alcohol molecules self-
tion#” Raman spectroscopy studies showed that the energyaggregate into clusteP$.Additionally, an investigation of a
differences between all-trans and traigguche conformations  saturated butanelwater solution showed that both self-ag-
of 1-pentane are much smaller than the energy differences forgregated clusters and butanol clusters with hydrogen-bonded
1-butane’® Following these results, the energy difference water molecules exi$g

between all-trans and trangauche conformations for hexanol Molecular modeling of the watetbutanol surface predict that
chains should then be smaller than that for butanol chains. the alkyl chains of butanol are aligned upright, and that the

The conformational energies of butanol in water have been presence of water enhances ordering compared to that of neat
investigated using ab initio molecular orbital calculations and butanol*>We observe a significant difference in the neat (21.5
Raman spectroscofy Raman spectra revealed that the gauche vs solution butanol chain orientation£43°), consistent with
conformers of butanol dominate in aqueous solutions in order Chen et al® Electric surface potential measureméhtsiggest
to minimize the butanol surface area that is in contact with water that n-butanol molecules adsorbed to the surface of water are
molecules. Using this argument, it is plausible to postulate that nearly perpendicular in order to prevent the hydrophobic chain
at the agueous surface, butanol prefers an all-trans conformatiorfrom coming into contact with the water. These experimental
to minimize the interaction between the alkyl chain and surface and theoretical results as discussed above are consistent with
water. the findings and interpretation presented here.

The lack of CH-ss intensity in the butanol spectra as The ratios in Table 1 reveal that hexanol is disordered at its
compared with the hexanol spectra may also be due to a largersolution surfaces. In the low concentration regime in water
orientation distribution of the butanol molecules around the (0.0051 and 0.0099 M), thk/IcH, values are in the single
surface normal. This was also discussed above as a possiblaligits, indicative of disorder. Ratios in the full surface coverage
explanation for the neat alcohol spectral differences. In addition concentration regime (0.045 and 0.052 M) become larger by
to the Stanners et 8k.study that suggests this, an AFM study about a factor of 2, indicating that the increased surface coverage
of butanol and hexanol adsorbed onto a mica subfesteowed helps to minimize the existing gauche conformations, stabilizing
that the surface butanol chains were more randomly orientedthe hexanol alkyl chain to some extent. This is not observed in
than the surface hexanol chains. However, spectral broadeninghe agueous ammonium bisulfate or SA solutions for hexanol,
of the butanol peaks is not observed relative to the hexanol revealing that the solvent is playing a significant role in the
peaks, which leads one to conclude that the orientation distribu- surface ordering, or lack thereof, for hexanol. Chain tilt angle
tion is similar for both alcohols. This is consistent with a neutron calculations will be inaccurate for these solutions since the
reflection study by Li et al. that found that butanol and hexanol methyl tilt angle is not representative of the chain tilt due to
have similar distributiong? the gauche conformations in the hexanol chains.

Comparison of the butanol spectra in water, aqueous am- As discussed above, ordering of the butanol molecules at the
monium bisulfate, and most of the SA solutions, reveal that surface of the various solutions is constant and well ordered,
the CH-ss remains absent from the spectra. The butanol quite different relative to hexanol surfaces. However, the
molecules stay in their all-trans conformation even at low surface 0.052 M butanol in 59.5 wt % SA haslap,/Ich, of 2.5, close
excess. Orientation calculations using the ssp and ppp spectrato the Icny/lch, from hexanol at the surface of the 0.045 M
intensities also reveal that the chain tilt angles are between 4hexanol in 59.5 wt % SA, revealing that these surfaces are the
and 13 from the surface normal for butanol in aqueous, in most disordered of the alcohol surfaces studied here.
aqueous ammonium bisulfate, and in SA solutions (except the To understand how these alcohols could organize at the
0.052 M BuOH in SA). (Orientation calculation data is available surface of sulfate-containing atmospheric aerosols, the differ-
in the Supporting Information.) Butanol molecules do not change ences in surface structure with water vs ammonium bisulfate
their orientation or surface organization to any significant extent vs SA solution as solvent is examined. The presence of salts in
with solvent variation. There may be self-aggregation at the aqueous solutions can reduce the solubility of organic com-
surface of these butanol solutions that stabilizes the rigid butanolpounds such as alcohols. This is known as the salting out
structures. This is in contrast to the individual alcohol molecules effect>*5%Previous surface tension experiments of 1-propanol
spreading out in an isolated fashion evenly over the entire in aqueous NaCl solutions show a greater decrease in surface
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