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Surface Studies of Aqueous Methanol Solutions by Vibrational Broad Bandwidth Sum
Frequency Generation Spectroscopy
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Neat methanol (CBOH) and aqueous methanol solutions were investigated using broad bandwidth sum
frequency generation (BBSFG), Raman spectroscopy, and FTIR spectroscopy. BBSFG results indicate a net
orientation of methanol molecules at the-diquid interfaces of neat methanol and aqueous methanol solutions.
However, as the methanol concentration increases above 0.57 methanol mole fraction the methanol molecules
become less ordered, i.e., a larger distribution of orientation angles of thér&idition moment about the
surface normal exists. This was further verified by the BBSFG results from partially deuterated methanol
(CD3OH) aqueous solutions. A red-shift of the €symmetric stretch (Ck+SS) frequency with the increase

of methanol concentration observed by BBSFG, Raman, and FTIR spectroscopy suggests a changing hydrogen-
bonding configuration between the methanol and the water molecules at the surface and in the bulk. Moreover,
the surface studies strongly suggest that methanol is a more efficient hydrogen-bonding acceptor when the
methanol molecule resides in the interfacial region.

Introduction The SFG intensitylsrg as shown in eq 1,
Oxygenated hydrocarbons play an important role in the upper L OW2R0 + @2 1
tropospheré:2 These species impact not only the HEycle, sre 71" e Z 2% @
but also NQ reactions in this atmospheric regiétowever, ’
the sources and sinks of these oxygenated hydrocarbons are nq§ proportional to the absolute square of the macroscopic second-
well understood. For example, methanol was found to be less order nonlinear susceptibility®, which consists of resonant
abundant than acetone in the upper troposphere, implyingterms {.?)
possible heterogeneous reaction sinks for methar@ilich
heterogeneous reactions may occur on the surfaces of aerosols @ A,
and ice crystals in cirrus cloudsSince surface reactivity of L (2)
chemical species to a great extent is influenced by surface v IR v
structure, fundamental studies elucidating the orientation and 5,4 a nonresonant termng@). When the frequency of an
structure of the molecules residing at surfaces are necessaryncigent infrared beanmyig, is resonant with a surface vibrational
and helpful for understanding heterogeneous atmosphencmode,u, the resonant susceptibility termp,)) dominates the
processes. _ nonlinear susceptibility(®) and a SFG intensity enhancement
In the studies presented here, Raman, FTIR, and vibrationalis opserved. The resonant macroscopic nonlinear susceptibility,
broad bandwidth sum frequency generation (BBSFG) spectros-xy(z), is shown in eq 2, whera, is the strength of the transition
copy are used to investigate the liquid phase and theliguid moment, is the frequency of the transition moment, dnds
interface of aqueous methanol solutions, respectively. As aihe line-width of the transition. The amplituda,, is nonzero
surface-sensitive spectroscopic technique, sum frequency genyhen the Raman and the infrared transitions are spectroscopi-
eration (SFG) has been used to study a variety of surfaces anct|ly allowed @ is related to the molecular hyperpolarizability,
interfaces relevant to surface science and material scfeite. ., shown in eq 3, by the number density of surface species,
In recent years, the application of SFG in laboratory studies of
atmospheric heterogeneous processes has been gaining prom- X(Z) =N Gy B 3)
inence'®~17 Under the electric-dipole approximation, SFG is a v % WKiimn
forbidden process in isotropic bulk media, yet is allowed at
surfaces and interfaces due to the lack of inversion symmetry N, and an orientationally averaged Euler angle transformation,
within the boundary between the two media. Therefore, SFG is [&k:mnl) between the laboratory-coordinatésJ, K) and the
a surface-selective technique. Furthermore, the vibration-resolv-molecule-coordinated, (m, n).
able ability of infrared-visible SFG makes surface vibrational =~ SFG is generally performed by combining one narrow
signatures obtainable. bandwidth visible laser pulse with one narrow bandwidth
The theory of SFG has been described previotisise infrared (IR) laser pulse. By scanning the frequency of the IR
However, a brief overview of SFG theory is presented here. beam across the vibrational region of interest, a surface
vibrational spectrum can be obtained if the incident IR photon
* Corresponding author. E-mail: allen@chemistry.ohio-state.edu. is resonant with a vibrational mode of the molecules at the
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surface. In the present study, femtosecond broad bandwidthnm. The polarization combination for these studies was ssp (s:
technology is employed. The BBSFG system utilizes a broad SFG, s: 800 nm, p: infrared). The nonresonant SFG spectrum
bandwidth IR beam~100 fs pulse duration) rather than a from a GaAs (Lambda Precision Optics, Inc) crystal surface
narrow bandwidth beam as is used in scanning SFG technolo-was obtained both with and without a polystyrene film covering
gies. Therefore, scanning of the infrared frequency is not the OPA infrared output port. The resulting SFG spectra were
necessary. Because the vibrational SFG spectrum can beused for normalization purposes and as a reference to calibrate
obtained within one laser pulse and because of the short duratiorthe peak positions of the BBSFG spectra. When investigating
of the infrared pulse, BBSFG spectroscopic systems can offer CDsOH systems, the Cfabsorption peak in the nonresonant
shorter acquisition times, larger SFG responses, and typ-SFG spectrum from GaAs was used as a calibration reference.
ically better signal-to-noise ratios than many scanning SFG The BBSFG spectra were taken with 1-minute CCD acquisition
systems. times for the CHOH systems and 10-seconds for the 40BI

In the present paper, the surface structure relative to the liquid- Systems at an ambient temperature of°€3
phase structure of methanol molecules as a function of methanol Spectrophotometric grade methanol ({CHH) (99.9%) ob-
concentration in water is investigated using BBSFG, Raman, tained from Aldrich, methanad; (CDsOH) (99.5%) obtained

and FTIR spectroscopy, respectively. from Cambridge Isotope Laboratories, Inc., and Nanopure water
of 18 MQ resistivity were used to make aqueous methanol
Experimental Section solutions. A 1-in. diameter sample dish was utilized. The level

- . _ of the air-liquid interface was set at the position of the beam

TheZGB;I?SFG system utilized here has been described previ-oyerlap point using @axis positioner. Since the methanol vapor
ously. 2’Recently, a number of m(_)dlflcatlo_ns_hav_e bgen made (VPmethanot 295 K is~108 Torr) in the air can absorb a portion
to this system and therefore a brief description is given. The of the incident IR beam, there is a possibility of introducing
BBSFG system consists of two regenerative amplifiers (Spectra- speciral artifacts. After evaluation of several closed and open
Physics Spitfire, fs and ps versions), both of which are seededgample cells and comparison of these spectra with background
by splitting one sub-50 fs 800 nm pulse from a Ti:sapphire gpectra, absorption and evaporation loss were minimized by
oscillator (Spectra-Physics, Tsunami). The oscillator is pu.mped using a 1-in. diameter dish open to the atmosphere for the
by 47 W from a Nd:YVQ CW laser (Spectra-Physics, quration of the acquisition time. The IR absorption by methanol
Millennia VSZ 532 nm). The regenerative ampI|f|er§ are pumped vapor was less than 5%. The BBSFG spectrum from neat
by an all sohgl-state Nd:YLF laser (Spectra-Physics, Evolution methanol (CHOH) solution surface is consistent with previously
30, 527 nm); 8.7 W and 11.5 W are used in the fs and ps yplished spectra both from a closed sample?telhd a cell
regenerative amplifiers, respectively. The all solid-state Nd:YLF open to the laboratory atmosphéfe.
replaced the flash lamp-pumped Nd:YLF that was used in " the Raman experimental setup consists of a 532 nm CW
previous studie$>?’ This system modification has substantially |,ger (Spectra-Physics, Millennia /& 5 mmfocusing Raman
improved the hour-to-hour and day-to-day stability of the laser p,,1e (InPhotonics RF; 532-05-1,5-FC.) a 500-mm monochro-

system. The two 1-kHz repetition rate regenerative amplifiers ..., (Acton Research, SpectraPro SP-500) using a 600 g/mm

provide 85 fs pulses at 800 nm (22 nm bandwidth) and 2 ps yating and a back-illuminated CCD (Roper Scientific, LN4OOEB,
pulses at 800 nm (17 crhbandwidth). The fs broad bandwidth 1344 400 pixel array and deep depletion). The illumination

pulffzs are then used to generate broad bandwidth infre®X  finer optic of the Raman probe was positioned in a home-built
cm™ bandwidth) light via an optical parametric amplifier  gyynjeftest tube housing and the Raman backscatter was
(Spectra_-Physms, OPA-800CF). Tuning _the BBO and AgGaS gjecieqd through the collection fiber optic after passing through
crystals in the OPA allows one to cover different IR wavelength yhe detection optics. The output end of the collection fiber was
regions. ] mounted to the entrance slit of the monochromator. SpectraSense
~ To narrow the output bandwidth of the 2 ps 800 nm beam to goftware (Acton Research version 4.0.6) was used for data
improve the spectral resolution of the BBSFG system, the cojiection and display. The power of the 532 nm beam for
compressor of the regenerative amplifier (ps version) was sgmple illumination was 120 mW. The Raman spectral resolu-
modified. A beam blocker is positioned in the compressor o tjon was 0.78 cml. Before data collection, the Raman system
partly block the spatially dispersed beam from the compressor a5 calibrated by using the 435.83 nm line of a fluorescence
grating and allows only a small spectral portion of the dispersed lamp, and the calibration was also verified by comparison to
beam to be compressed. This modification spectrally narrows the Raman spectrum of naphthalene.

the output b?am bandvxiiijth of the formerly 2 ps 800 nm beéam  |nrared spectra were taken with 4 chresolution and 128
from 17 cm to ~5 cm . The pulse width of the spectrally  gcang by using a Thermal Nicolet Avatar 370 FT-IR spectrom-
narrowed 800 nm beam was measured to-Beps by asingle  gter. A demountable liquid cell equipped with Gakindows

shot autocorrelator. The SFG experiment was then performed a5 ytilized. Second-derivative technique was employed to
in reflection geometry using the narrow bandwidth (5¢éjmn determine the EH stretch peak position.

810(()) nJm b\?va;]m (1_2DJ) ?‘”d.‘he tr)]roi:I(JIDbandw;]dth 'F‘frarig bfam Surface tensions were measured using a surface tensiometer
(10 pJ). (When investigating the stretch region, 17 (DeltaPi, Kibron Inc., Finland), which employs the Wilhelmy

of 796 nm and 6.5J of infrared energy were used.) The thod. Val f10 t
broadband infrared and narrowband 800 nm pulses, which wereme od. vValues are averages o measurements.

incident on the sample at 6&nd 58 from the surface normal,
respectively, were overlapped at the sample surface spatially
and temporally to produce a vibrationally resonant SFG  The Raman spectrum in the CH region obtained from a neat
spectrum. The SFG photons were emitted at 5%8m the methanol solution is shown in Figure 1. The 2835 ¢érpeak
surface normal and were detected using a monochromator-CCDis assigned to the GHsymmetric stretch (CEHSS); the 2921
detection system (Acton Research, SpectraPro SP-500 monocm ! shoulder and the 2944 crhpeak are assigned to the Fermi
chromator; Roper Scientific, 13490 400 pixel array, LN4OOEB resonances (C#FR) of the CH symmetric stretch with the
back-illuminated CCD) with a 1200 g/mm grating blazed at 750 overtones of the Cilbending modé?3! The shoulder on the

Results and Discussion
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TABLE 1: Fitting Results of the Raman Spectra in the C—H Stretch Region of Aqueous Methanol (CHOH) Solutions?

CHs-SS CH-FR (1); CH-FR (2) CH-AS
mole v A, Iy HWHM v A, Iy HWHM v A, Iy HWHM
fraction (cm™) (au) (a.u.) (cm?) (cm™) (a.u.) (a.u.) cm?  (em?)  (au) (au) (cm?
0.03 2846 0.024 0.45 9 2925; 2953 0.002;0.037 0.063;0.86 15;12 2995 0.006 0.25 19

0.06 2845  0.055 1.27 10 2924; 2953 0.007;0.062 0.26;1.71 15;12 2994  0.012 0.43 19
0.14 2844  0.12 3.03 11 2930; 2953 0.024;0.12 1.37;3.21 24,12 2992  0.027 1.46 25
0.19 2843 0.17 4.10 11 2928; 2952 0.035;0.15 1.87;4.21 23;12 2991 0.031 1.82 25
0.36 2841  0.28 6.90 11 2930; 2950 0.073;0.22 4.40; 6.26 28,12 2988  0.056 3.57 29
0.57 2838  0.39 9.74 11 2925; 2948 0.12;0.22 6.71;6.51 27,12 2983 0.10 6.43 32
0.69 2837  0.45 10.92 10 2925; 2947 0.16;0.24 7.96;7.17 28;12 2981 0.12 7.17 33
0.83 2836  0.57 12.51 10 2922;2946 0.14;0.28 7.92;8.63 27,13 2980 0.12 8.91 37
1.0 2835 0.59 13.25 10 2921; 2944  0.15;0.27 8.35;7.81 27,12 2974  0.15 11.47 40

ay: peak frequencyA,: peak amplitudel,: peak intensity (integrated peak area); HWHM: half width at half-maximum.
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Figure 1. Raman spectrum of neat methanol ({CHH). CH-SS: CH Figure 2. BBSFG spectrum from the ailiquid interface of neat
symmetric stretch; CHFR: CH Fermi resonance; GHAS: CHg methanol (CHOH). The 2917 cm! peak is magnified 10 times. The
asymmetric stretch. The solid lines are the calculated Voigt fits. solid lines are the calculated Lorentzian fits.

high energy side of the 2944 cthpeak shown at 2974 crhis the SFG spectrum shown in Figure 2 was fit to a solely
assigned to the CfHasymmetric stretch (C4HAS) modes. The Lorentzian profile. The convolution of Lorentzian and Gaussian
CHs-SS and CHAS assignments are consistent with previously line shapes, the Voigt profile, fit the SFG spectra unsatisfac-
published infrared dat® The alternative assignments for the torily. Thus the calculated fit to the BBSFG spectrum of neat
2921 cntt and the 2944 cmt peaks are to the overtone of the methanol was completed using eqs 1 and 2. The best fitting
CHs bending mode and to the GHasymmetric stretch as  result was obtained by using three Lorentzian peaks of the same
opposed to the Fermi resonance assignni@ftsiowever, these phase with out-of-phase nonresonant terms. The BBSFG peak
peak assignments, 2921 and 2944-éngontinue to be debated  fitting parameters are shown in Table 2. As shown in Figure 2,
among various research groups, experimental and theor&tical. the calculated spectral fit, the solid line that passes through the
Peak fits using Voigt functions (IGOR, version 4.0.5.1) for the data in Figure 2, overlays the experimental data very well.
Raman spectrum are also shown in Figure 1, the individual peaks Randomly oriented methanol molecules would result in an
and the additive calculated spectrum. The fitting parameters areaverage zero surface macroscopic susceptibility (i.e., cancellation
listed in Table 1. Both Voigt and Lorentzian line shapes were of SFG signal), as revealed from eq 3, and oriented molecules
tested for the best spectral fit. The Voigt profile was superior relative to one another would provide a net SFG signal. The
to a Lorentzian profile for this Raman spectrum. observed BBSFG spectrum from the-amethanol interface,
The BBSFG spectrum in the CH region using ssp polariza- in particular the strong SFG response from the;&$, as
tions was obtained from the ailiquid interface of neat shown in Figure 2, is indicative of a net orientation of the
methanol and is shown in Figure 2. The spectral shape of thismethanol molecules at the surface as one might expect at this
spectrum is consistent with previously published SFG spectrainterface. Methanol is a strong hydrogen-bonding agent, and
of neat methanol using scanning SFG systém&The BBSFG hydrogen bonding influences the structural properties of metha-
spectrum shown in Figure 2 reveals two peaks and one shouldemnol to a great extent. Molecular dynamic studies indicate that
on the low energy side of the smaller of the two peaks. the net ordering at the surface of neat methanol solutions can
Consistent with the Raman assignments, the observed peak abe understood as a result of placing the hydrophobic methyl
2834 cmt (peak fit at 2836 cm?) is attributed to the CHSS. group toward the vapor phase to maximize the number of
The observed peaks at 2912 thipeak fit at 2917 cm?) and hydrogen bonds near the surface, which then minimizes the
2946 cnt! (peak fit at 2948 cmb) are attributed to the CH surface energy Thus, hydrogen bonding can be considered
FR modes. Spectral fits using Lorentzian functions (IGOR, as a significant driving force for the orientation of methanol
version 4.0.5.1, Lorentzian fitting function written to incorporate molecules at the surface of neat methanol.
phase) for the BBSFG spectrum is also shown in Figure 2, the To further understand the influence of hydrogen bonding on
individual peaks and the additive calculated spectrum, which the surface structure of methanol solutions, a series of aqueous
also includes the phase relationships. Different from the Ramanmethanol solutions were investigated using BBSFG spectros-
peak fits shown in Figure 1 where a Voigt function was utilized, copy. BBSFG spectra of five methanol solutions at the bulk



6346 J. Phys. Chem. B, Vol. 107, No. 26, 2003 Ma and Allen

TABLE 2: Fitting Results of the BBSFG Spectra in the C—H Stretch Region of Aqueous Methanol (CHOH) Solutions?

CHs-SS CH-FR (1); CH-FR (2)
T T Xnr

mole v A, I, (cm™) v A, l, (cm™) Re; Im
fraction (cm™) (a.u.) (a.u.) HWHM (cm™) (a.u.) (a.u.) HWHM (a.u.)

0.03 2843 2.8 2.6 8.7 2925; 2955 0.28;2.3 0.02;1.6 13;9.9 -6:0@m17

0.06 2841 3.8 4.5 9.3 2925; 2953 0.64; 3.0 0.09; 2.5 14; 11 -0-68012

0.14 2840 5.2 8.3 9.6 2924, 2951 0.63; 4.2 0.11;4.1 10; 11 -6:0021

0.19 2839 6.2 11.6 9.7 2925; 2950 1.3;4.7 0.34;5.8 14;11 -0-008)11

0.36 2838 6.6 13.1 9.7 2923; 2950 11,52 0.28;6.5 12;12 -6:01015

0.57 2837 6.7 13.2 9.9 2921; 2948 1.8;4.9 0.56; 5.8 16; 12 -0.099; 0.005

0.69 2837 6.5 12.3 10 2922; 2948 1.7;4.9 0.48;5.6 17;12 -0.10; 0.008

0.83 2837 6.1 10.8 10 2919; 2948 0.9;4.9 0.20;5.1 12;13 -6:01014

1.0 2836 5.4 8.7 9.8 2917; 2948 0.48; 4.2 0.05; 3.7 13; 14 -6-03)32

ay: peak frequencyA,: peak amplitudel,: peak intensity (integrated peak areB){HWHM): half width at half-maximumy,: nonresonant
term; Re: real part; Im: imaginary part; signsA&f andy, denote the phases.
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Figure 3. BBSFG spectra of aqueous methanol ¢OHi) solutions at Figure 4. Raman spectra of aqueous methanol {§0OH) solutions at

different bulk methanol mole fractions. Symbols are the experimental different bulk methanol mole fractions. Inset: experimental data and
data points; solid lines are the calculated fits. Inset: surface tension of calculated fit for the 0.36 methanol mole fraction solution in the CH

aqueous methanol solutions at different bulk methanol mole fractions and OH spectral regions.

at 25°C.

] Surface Methanol Mole Fraction*
methanol mole fractions of 0.03, 0.36, 0.57, 0.83, and 1.0 are 0 02 04 06 0.8 ’
shown in Figure 3. A total of 8 aqueous methanol solutions 2849 ' ; I .

were investigated using BBSFG. For simplicity, only 4 of these
solution spectra are shown. These spectra reveal the dominant
trends with respect to spectral shift and SFG intensity changes.
In addition, we have completed Raman studies of these same
solutions to clarify the role that the surface plays in comparison
to the bulk hydrogen-bonding effects. The Raman spectra of
the CH region of a representative set of aqueous methanol
solutions are shown in Figure 4. In the inset of Figure 4, the
Raman spectrum for the 0.36 mole fraction methanol solution

«——— Raman (R?=0.98)

«———BBSFG* (R?=0.98)
| BBSFG——

CH3-SS Peak Position (cm™)
N
[e5]
w
o

2833 1 FTIR ——

is shown with a Voigt fit, including the individual peaks 2831 ‘ ‘ ‘ ; ‘
contributing to this fit. In the fit for the Raman spectra of the 0 0.2 0.4 0.6 0.8 1
aqueous solutions, it was necessary to include the OH bonding Bulk Methanol Mole Fraction

region to properly fit the CH peaks due to the overlap of spectral Figure 5. The CH-SS peak positions for Raman, FTIR, and BBSFG
tails as shown in the inset of Figure 4. Fitting results of the gata as a function of methanol (§BH) mole fraction. Raman denotes
Raman spectra for the CH modes are shown in Table 1. the Raman peak position versus the bulk mole fraction; FTIR denotes
The spectral peak assignments of the BBSFG spectra of thethe FTIR peak position versus the bulk mole fraction where the line is
methanol solutions shown in Figure 3 are the same as thosea guide to the eye; BBSFG* denotes the BBSFG peak position versus
assiged 0 the neat methanol solution (Figure 2), altvough hesiTee Bl 1acker (omalies Sus Imber reuy, ESEC,
peak pos[t!ons change with concentrat!on changes. The BBS.FGIine is a guide to the eye. Lines for the Raman and BBSFG* are linear
peak position changes are shown in Figure 5. Three Lorenztiangis g the data.
peaks were used to calculate the spectral fits including the peak
positions, and as shown in Figure 3, the calculated fits overlay changes in the BBSFG GFES peak positions (triangle data
the experimental data quite well. Fitting parameters for these points in Figure 5) observed from the aqueous methanol solution
fits are shown in Table 2. Typically, all parameters were allowed surfaces do not follow a simple linear relationship with bulk
to vary. The frequency of the BBSFG GI$S peak position mole fraction. Since methanol molecules are surface active
decreases (red-shifts) from 2843 to 2836-émwith increasing relative to water molecules in aqueous methanol solutions, the
methanol concentration, bulk, and surface mole fractions. The bulk mole fraction does not directly reflect the mole fraction
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of methanol at the surface of its aqueous solutions. Thus, using Surface Methanol Mole Fraction*
previously published surface number density &ata for 0 02 04 06 08 1
aqueous methanol solutions, the normalized surface number 18 . . ‘ ‘

density (surface mole fraction) is also used here for comparison
and is shown as the top axis in Figure 5. As shown in Figure 5,
the CH-SS peak positions for the BBSFG spectra (BBSFG*
square data points) relative to the surface concentration (top
axis) also show a decrease in frequency upon increasing
methanol concentration. However, the relationship is relatively
linear with respect to the surface mole fraction as is shown by
the linear fit }R2 = 0.98). The Raman C§SS peak positions
(circular data points) versus bulk methanol concentration
(bottom axis) are also shown in Figure 5 for comparison. The 0 ' , , ‘
Raman data show a linear relationship with bulk mole fraction 0 0.2 0.4 06 0.8 1
(R?2 = 0.98). The 3 sets of data shown in Figure 5 similarly Bulk Methanol Mole Fraction

reveal a red-shift in the CHSS frequency upon increase of Figure 6. CHs;-SS peak intensities (peak areas) as a function of
methanol concentration (i.e., blue-shift with increasing water methanol mole fraction. BBSFG denotes the BBSFG peak intensity
concentration). The trend is strikingly linear for the Raman as Vversus bulk methanol mole fraction; Raman denotes the Raman peak
well as the BBSFG* data when comparisons are made to the intensity versus the bulk methanol mole fraction; BBSFG* denotes the
adjusted mole fraction for the BBSFG* data (the normalized BBSFG peak intensity versus surface methanol mole fraction. (Lines

. -~ _are only guides to the eye.
surface number density data denoted as surface mole fraction, V9 ve)

i.e., BBSFG*). Although the Raman and BBSFG* data are probes the bulk 3-dimensional solvation environment, whereas
similar, the BBSFG* CH-SS peak frequencies are blue-shifted the BBSFG spectroscopy probes the surface approximate
(reside at higher frequencies) relative to the Raman peakz-dlmensmnal solvation environment. Thus, differences in the
frequencies for the respective local concentration. To verify the CHs-SS peak frequency might be expected. Our observed blue-
relative blue-shift, a series of FTIR spectra of the methanol Shift of the BBSFG* data can be explained by the hydrogen-
solutions were obtained since the BBSFG peak position of the Ponding model discussed above. That is, the hydrogen bonding
vibrational mode is determined not only by the corresponding character of methanol is affected by the local environment,
Raman peak position, but also by the infrared peak position. particularly at an interface. Jgst as in the bulk, when thgre are
The IR results are also shown in Figure 5. With the methanol More water molecules available for hydrogen bonding to
bulk concentration increasing from 0.19 to 1.0 mole fraction, Methanol OH groups, a blue-shift is observed. The observed
the CH-SS peak frequencies decrease from 2841 to 2832.cm  blue-shift of the CH-SS from the BBSFG* data suggests that
The infrared peak position is further red-shifted relative to the the methanol molecules existing in the surface region have a

respective Raman peak positions. Therefore, the BBSFG* dataligher tendency of accepting hydrogen relative to the bulk
is blue-shifted relative to the respective bulk vibrational data, €nvironment. This blue-shift is consistent with the hydrogen-
Raman, and FTIR. acceptor modeE Consistent with our interpretation, the hydrogen-

bonding interaction between water and methanol at the aqueous
methanol surface has been observed directly using scanning SFG
via the loss of the surface dangling OH of wateAdditionally,
theoretical studies support the hydrogen bonding influence of
methanol on the surface dangling OH of watehis can be
further elucidated in that the methanol molecules existing in
the surface region have a higher tendency of accepting hydrogen
relative to the bulk environment. The surface activity of
methanol molecules in an agueous environment drive the CH
group into the hydrophobic or air phase as the OH of the
methanol is efficiently solvated by the water molecules in the
surface and subsurface region.

Further analysis on the Raman and BBSFG spectra of the
methanol solutions, neat and aqueous, shown in Figures 1
reveal distinctly different intensity trends. We focus on thesCH

=y
N
!

CH3-SS Peak Intensity (a.u.)
(o]

The peak position changes of the €8S in the Raman,
FTIR, and the BBSFG spectra can be explained from the
viewpoint of changing hydrogen-bonding configurations. The
CHs-SS is a relatively sensitive probe of hydrogen bonding
within methanol solution&33” Resonant ion-dip infrared spec-
troscopy investigations of methanol-containing clusters indicated
that the CH-SS is sensitive to the variation of the local
hydrogen-bonding environment. Density functional theory (DFT)
calculation further indicated that methanol may act as a
hydrogen-acceptor (A) causing a blue-shift of the 38
frequency; however, a red-shift occurs when methanol acts as
a hydrogen-donor (D). Additionally, the frequency shift from
accepting two hydrogens is more extreme in the observed blue-
shift33 Both experiment and theoretical studies indicate that

shlfts_a_s much as 30 crhmight be observed from methanol- SS since the transition moment of the £8S in BBSFG using
containing clusters? . _ ssp polarizations characterizes the orientation of the methanol
In the Raman, FTIR, and BBSFG studies presented here, with gt the air-liquid interface. As shown in Figure 6, Raman peak
the decrease of water concentration (i.e., increasing methanoliptensities (i.e., integrated peak areas) of the;&iS increase
mole fraction) the red-shift that we observe at the surface and yyjith increasing mole fraction of methanol (see Figure 4 and
in the bulk is indicative of methanol becoming a more efficient Tgple 1). The Raman intensity increase, although not strictly
hydrogen donor. Or said another way, as the water contentjinear, is consistent with the increase in the number of methanol
increases, methanol molecules are more efficient at acceptingmolecules within the bulk solution. Also shown in Figure 6,
hydrogen from neighboring water molecules. the BBSFG CH-SS peak intensities (i.e., integrated areas) with
As stated above, the Raman and BBSFG* peak frequencyincreasing methanol bulk mole fraction have a more atypical
data shown in Figure 5 are similarly linear (as well as the IR), shape. The BBSFG GFSS peak intensities increase to a
however, the BBSFG* CESS peak frequencies reside at higher maximum at 0.57 methanol bulk mole fraction and then slowly
frequencies relative to the Raman and IR peak frequencies fordecrease to approximately 70% of the maximum intensity value.
their respective local concentration. Raman and IR spectroscopyThe BBSFG* CH-SS peak intensities more correctly compared
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to the surface mole fraction have more physical relevance. These
data also shown in Figure 6 (square data points versus the top

X axis) reveal that the maximum BBSFG* intensity for the<£H
SS resides at a surface methanol mole fractiom-6{8 (4
methanol molecules for every 1 water molecule). The BBSFG*
intensity is then shown to decreaset@0% of the maximum
intensity value.

A reasonable explanation for the Raman £%8 intensity

changes observed in Figure 6 is the changing solvation effects
and possible decreases in the transition moment strength as the

methanol concentration increases. Yet the BBSFG:-GH
intensity changes are clearly indicative of methanol orientation

changes in the surface region. Recall that SFG is surface-

Ma and Allen
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selective and is sensitive to both the surface number density as

well as orientation. The transition moment strength will also
modify the SFG response to the number density, which will be
similar to the effect on the Raman response. As indicated in eq
3, the SFG intensity of a surface vibrational mode is related to
surface number density, surface orientatiofy,k.mn[] and the
molecular hyperpolarizability3,. Therefore, if the surface
number density is playing a dominating role in eq 3, the SFG
intensity will continually increase with the increase of surface
mole fraction of methanol. However, Figure 6 clearly shows
that this is not the case for the BBSFG €8S intensities. For
example, there must be other opposing factors, which offset
the surface number density’s impact on the SFG intensity in
the high mole fraction region (surface mole fractiorD.8). In

this case, considering that the molecular hyperpolarizalfility
may be weakly dependent on concentration, a likely factor may
be the orientation average terfk.midJin eq 3. With ssp
polarization, the SFG intensity of the Gi$S will be weaker if

the CH-SS transition moment vector is at a larger orientation
angle relative to the surface normal, yet stronger at smaller
orientation angles as shown in ed®.

%yyz[| ﬁnnn [cosO (1+y) — cos’6 Q=nlr= ﬂlln/ﬁnnn
(4)

Therefore, it can be deduced from Figure 6 that in the high
mole fraction region (surface mole fraction 0.8) with the

Raman Shift (cm™)

Figure 7. Raman spectrum of neat partially deuterated methanol
(CDsOH). CDs-SS: CIy symmetric stretch; CBFR: CD; Fermi
resonance; CPAS: CD; asymmetric stretch. The solid lines are the
calculated Voigt fits.
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Figure 8. BBSFG spectra of aqueous partially deuterated methanol
(CDsOH) solutions at different bulk methanol mole fractions. Symbols
are the experimental data points; solid lines are the calculated fits.
Inset: surface tension of aqueous methanol solutions at different bulk
methanol mole fractions at 2&.

increase of methanol concentration the methanol molecules needhe CH-SS and the OH stretches overlap spectrally to some

to reorient from smallef to larger® on average in order to
offset the surface number density effect on the SFG intensity.

extent. Since SFG is a coherent process, either an in-phase or
out-of-phase relationship between the £55 and the OH

Conclusively, surface methanol molecules change their averagestretches can dramatically affect the BBSFG intensity of the

orientational configuration throughout the full concentration

CHs-SS. To further clarify the origin of the BBSFG intensity

range. At concentrations above 0.8 surface methanol molechange of the CkSS mode, partially deuterated methanol

fraction (0.57 bulk mole fraction), the methanol molecules in

(CD3sOH) aqueous solutions were studied. Figure 7 shows the

the surface region may lie closer to the surface plane and /orRaman spectrum of neat GDH, as well as the Voigt-function

have a larger distribution of angles relative to the surface normal,

fitting and peak assignments. The €BS peak position is

suggesting a somewhat disordered surface. The average orientdecated at~2069 cnt!, which is far away from the OH

tion angle of the CRBSS transition moment of methanol
molecules relative to the surface normal from a neat methanol

solution surface has been calculated to be less than 60 dé@rees;

although this measurement has been dispthéds consistent
with our interpretation of a relatively low amount of order and
broad orientation distribution for high concentrations of metha-
nol. Additionally important, the changing surface hydrogen-
bonding environment, particularly due to the lack of surface
water molecules, is likely playing a significant role in the
changing surface orientation of the methanol molecules in the
high concentration regime.

One possible argument with the origin of the BBSFG intensity
change is that the BBSFG intensity of the £8S can be

stretching region. There is no overlap between thez CD
stretching modes and the OH stretching modes. As illustrated
in the inset of Figure 3 and the inset of Figure 8,{OH and
CD30H surface tension data follow similar trends, indicating
that the surface number density of gDH also increases with
the increase of bulk mole fraction. Figure 8 shows several
BBSFG spectra of the ailiquid interface of the CBOH—H,0
system taken with an ssp polarization combination. Although
the fs IR energy covers the 1850 chto 2300 cni? region,
only the C»-SS at~2074 cmt is clearly observed from the
BBSFG spectra. As shown in Figure 8, with the bulk 4O
mole fraction increasing from 0.55 to 1.0, which coincides with
an increase of the methanol surface number density, the BBSFG

affected by the resonant SFG response from the OH symmetricintensity decreases, which confirms the {CHH results. In

stretch (OH-SS) of kD and the OH stretch of G®H since

addition, the BBSFG peak frequency change of the;€86
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in the CDyOH—H,0 system is similar to that of the GBH—
H,O system.
Conclusions

The air-liquid interfaces and solutions of aqueous methanol
mixtures were studied using vibrational broad bandwidth sum
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tively, in the CH and CD vibrational regions. The €8S peak

position shifts observed in the surface and bulk studies were

explained by invoking a hydrogen-bonding model in that when
less water molecules are available to solvate the methanol OH
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35, 4387-4396.
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methanol acts as an efficient hydrogen donor. Interestingly, the 5001 105 1649-1655.

CHs-SS frequencies of surface methanol in the BBSFG spectra

were found to be blue-shifted relative to the frequencies
observed for this mode in the bulk solution studied by Raman

and FTIR spectroscopy. This indicates that methanol at the
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accept hydrogen from the surface and subsurface water mol-

ecules relative to this propensity in the bulk. Additional studies
of the intensities of the CHSS of methanol at the surface as a

function of methanol concentration revealed that the surface
methanol molecules become less ordered (i.e., broader orienta-

tion angle distribution) at bulk methanol mole fractions above
0.57. This was further verified from the BBSFG study of the
partially deuterated methanol (GDH) aqueous solutions.
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