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ABSTRACT 

 

The uptake and reaction of methanol at the air-liquid interface of 0 to 96.5 wt% sulfuric 

acid (SA) solutions has been observed directly using vibrational sum frequency 

generation spectroscopy (VSFG) and Raman spectroscopy. Evidence for the formation of 

methyl hydrogen sulfate (MHS) was obtained by the presence of a new peak in the 800 

cm-1 region, not present in either the neat methanol or concentrated sulfuric acid spectra. 

This peak is attributed to the singly bonded OSO symmetric stretch of MHS. The 

maximum yield of MHS with a large SA excess (7 SA : 1 methanol) is shown to be (95 ± 

5) % at –(15 ± 2) ºC. No evidence was found to suggest formation of dimethyl sulfate.  

As the concentration of SA increases from 0 – 96.5 wt%, the SFG spectra shift from 

that of methanol to that of methyl hydrogen sulfate. The surface is saturated with a 

mixture of the three methyl compounds after 15 minutes, although the relative amounts of 

MeOH, MeOH2
+, and MHS vary with SA concentration. The uptake of MeOH, MeOH2

+, 

and MHS into the solutions was also observed, although this occurred on a much longer 

timescale. This suggests that uptake of methanol by sulfuric acid solutions is diffusion-

limited. 

The diffusion coefficients for methanol into 0 – 96.5 wt% sulfuric acid solutions were 

measured by passing MeOH vapor in N2 over the SA solutions and monitoring the uptake 

using Raman spectroscopy. The value obtained for methanol into water, D = (0.7 ± 0.2) x 

10-5 cm2/s, is in agreement with values found in the literature. The values of D in 39.2 to 

96.5 wt% SA range from (1 – 2.7) x 10-6 cm2/s with the maximum value of D occurring 

for the 59.5 wt% SA solution. This may be due to the speciation of MeOH in the SA 

solutions or to speciation of the SA solutions.  
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The organization of two longer but still slightly miscible alcohols, 1-butanol and 1-

hexanol, at the air-liquid 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 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 possess a significant number of gauche 

defects. Relative to surface butanol, surface hexanol chains are significantly more 

disordered at the surface of their respective solutions. The surface spectra for butanol and 

hexanol also show evidence for salting out from the ammonium bisulfate solutions. 
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CHAPTER 1 

 

BACKGROUND 
 

The work presented in this thesis was motivated by a desire to understand the role of 

uptake of volatile short-chain alcohols by acidic sulfate aerosols in aerosol growth. For 

growth to occur, the volatile alcohol from the vapor phase must be transformed into a 

compound of lower volatility. In this work, the interactions between methanol (MeOH), 

1-butanol (BuOH), and 1-hexanol (HexOH) and sulfuric acid (SA) solutions were 

investigated as model systems for the interactions between volatile gas-phase alcohols 

and acidic sulfate aerosols. The formation of less volatile sulfate esters may be the 

mechanism for aerosol growth.  

The reaction between MeOH and 96.6 wt% SA solution is the focus of chapter 3. 

Chapters 4 and 5 discuss the uptake and diffusion of methanol in 40 - 80 wt% SA 

solutions. Chapter 6 investigates the interfacial structure of BuOH and HexOH at the air-

solution interface of water, 59.5 wt% SA, and aqueous NH4HSO4. Experimental details 

can be found in Chapter 2 and in subsequent chapters.  

As mentioned above, the uptake of volatile organics by tropospheric aerosols is 

postulated as a possible mechanism for aerosol growth.1 Recent field measurements show 

that aerosols and cloud droplets can contain organic compounds from 20 % to 70 % by 

mass.2-4 And recent field campaigns have detected a large number of short-chained 

oxygenated compounds present in tropospheric aerosols.5 A decrease in surface tension 

relative to that of pure water has been observed in wet aerosol and cloud/fog samples2 

suggesting that organic compounds are present at the surfaces of aerosols. This is 

important since the presence of organic compounds at the surface may change the 
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uptake capabilities and hygroscopicity of aerosols, affecting aerosol growth and 

ultimately cloud albedo.6,3,7 

Only recently has the role of semi-volatile organic compounds (SVOC) been 

considered in the formation of cloud condensation nuclei.8-12 Highly water-soluble 

organics are shown experimentally to be important in CCN formation.10 More recently, 

reactions of SVOC in the aerosol aqueous phase were considered as possible initiators of 

CCN growth. Such formation requires that the atmospheric lifetime of the organic 

compounds be longer than the timescale required to diffuse into the aqueous phase and 

react, and that the products be non-volatile to contribute to particle growth.12 In spite of 

the critical nature of these atmospheric processes, more experimental data is needed to 

determine the importance of the heterogeneous pathway to aerosol growth.9 

One possible important group of compounds is esters, formed from volatile compounds 

condensing on acidic aerosols.1 Sulfate esters have recently been measured in field 

samples.13,14 In laboratory experiments, their formation has been detected for both 

unoxygenated14,15 and oxygenated16-18 starting products. An increase in sulfate ester 

formation is observed with increasing sulfate acidity, suggesting that sulfate ester 

formation may be a contributor to secondary organic aerosol formation in acidic aerosols. 

Oxygenated compounds are the dominant organic species in the upper troposphere, 

with methanol making up half of all emissions.19,20 Methanol concentrations up to 1100 

ppt have been measured in the remote Pacific troposphere5,21,22 and in Asian plumes,23 

while tropospheric concentrations in urban regions are much higher (>20,000 pptv).21 

Due to its much longer lifetime than other compounds such as isoprene, methanol is 

transported from the boundary layer (lifetime = 1 week) to the upper troposphere 

(lifetime = few weeks) and lower stratosphere.20,24 Plants are the largest single source of 

methanol emissions to the atmosphere (37-212 Tg/yr)19,25 with 67% of emissions from 

plant growth.19 Recent continental measurements have shown a diurnal cycle for 

methanol emissions.26,27 Rural measurements28 also show a correlation of methanol 

emissions with temperature, with the lowest emissions recorded during the coldest period 

of the year. Together, these measurements strongly suggest that biogenic emissions are 

very important. 
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Tropical regions are found to be a major contributor to global annual biogenic 

emissions.29 Biomass burning plumes are estimated to emit 29-35 Tg CH3OH/year.30 In 

plumes over the Mediterranean, methanol attributed to combustion23 and methanol found 

in aged plumes may suggest that oxidation of methane is an important atmospheric 

source of methanol.31 However, methanol emissions from biomass burning plumes can be 

highly variable, suggesting that factors other than hydroxyl reaction with methane may 

determine the methanol concentrations in these plumes.32 Measurements of methanol in 

North Atlantic marine air31 indicate that oxidation of volatile organic compounds (VOCs) 

is likely to contribute to the observed methanol concentrations several days from the 

point of emission. 

The main tropospheric reaction sink for methanol is its reaction with hydroxyl 

radical.21 The ocean is also found to be a slight net sink since the marine boundary layer 

has slightly lower methanol concentrations than the rest of the troposphere.22,33 However 

there are still large discrepancies between the sources and sinks of methanol.34 

Sulfate is the dominant inorganic species in atmospheric particulate matter throughout 

the troposphere and the lower stratosphere.35 In the troposphere over tropical regions, 

measurements suggest that sulfuric acid and water nucleate to form aerosols,36 indicating 

that higher sulfuric acid concentrations are related to smaller particle sizes.37 Although 

atmospheric sulfur is primarily from anthropogenic sources, sulfate aerosols are 

distributed throughout both polluted and remote areas. Sulfuric acid is formed as an 

oxidation product of sulfur dioxide, a fossil fuel combustion product. Global SO2 

emissions are estimated at (130-180)x1012 g of S/yr,38 and sulfur emissions are much 

greater in the Northern Hemisphere, where 90% of emissions are from anthropogenic 

sources. Marine sea spray and volcanic emissions account for 87% of all natural 

emissions.35 
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CHAPTER 2 

 

EXPERIMENTAL DETAILS
 

This chapter presents an overview of the theory of vibrational sum frequency 

generation (VSFG) spectroscopy, followed by the instrumental and experimental details 

for both VSFG and Raman spectroscopies. The spectral fitting methodology is presented 

in the last section. Experimental details relevant to each experiment are provided in 

particular chapters. 

 

Vibrational Sum Frequency Generation Spectroscopy  

VSFG 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 relevance.39-43 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 literature,44-47 and a brief introduction is 

given here. 

The intensity of the SFG signal, SFGI , is proportional to the absolute square of the 

macroscopic nonlinear susceptibility, )2(χ , and to the intensity of the infrared and 800 

nm incident beams, equation 2.1. 

)()(|| 800
2)2( ωωχ III IRSFG ∝       (2.1) 

The macroscopic nonlinear susceptibility, )2(χ , is described by a nonresonant term, 

)2(

NR
χ , and the sum of the resonant terms, )2(

νχ , equation 2.2. 
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2)2()2(2)2( |||| ∑+=
ν

νχχχ NR        (2.2) 

When the frequency of the incident infrared beam is resonant with a vibrational mode, 

ν, then the resonant term dominates the nonlinear susceptibility. The resonant 

susceptibility term, )2(
νχ , is related to the number density of the surface species and to the 

molecular hyperpolarizability, νβ , through the orientationally averaged Euler angle 

transformation, lmnIJK:µ , between the laboratory coordinates (IJK) and the molecular 

coordinates (lmn), equation 2.3. 

 ∑=
lmn

lmn
lmnIJKN νν βµχ :

)2(        (2.3) 

The molecular hyperpolarizability is proportional to the infrared transition moment, µ, 

and the Raman polarizability tensor, α, showing that SFG active modes must be both 

Raman- and IR-active, equation 2.4. 

)(2
)( 00

νν

νν
ν ωω

αµ
β

Γ−−
−

=
iIR

lmn
lmn

h
       (2.4) 

From equation 2.4, the resonant macroscopic nonlinear susceptibility is shown in 

equation 2.5. 

vIR i
A

Γ+−
∝

ν

ν
ν ωω

χ )2(        (2.5) 

In the above equation Aν is the strength of the transition moment and ων is the frequency 

of the transition. 

From equations 2.4 and 2.5, it becomes clear that only non-centrosymmetric systems, 

such as the air-liquid interface, will be SFG-active. When the frequency of a vibrational 

mode, ων, is resonant with the infrared frequency, ωIR, the denominator in equation 2.5 

becomes small and βν  and therefore )2(
νχ , will be enhanced. A VSFG spectrum results 

from the nonlinear response over the frequency range probed. 
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BBSFG Instrumentation and Experimental Details 

Details of the Allen lab broad bandwidth SFG (BBSFG) system can be found in 

previous publications.48,49 Two 1-kHz repetition rate regenerative amplifiers (Spectra 

Physics Spitfire, femtosecond and picosecond versions) are utilized. The picosecond 

amplifier produces a narrow bandwidth (17 cm-1), 2 ps pulse at a wavelength of ~ 800 

nm. (Air-liquid spectra were also obtained with an ~5 cm-1 bandwidth;49 no improvement 

of resolution was observed, indicating that the linewidth is limited by the chemical 

system.) The femtosecond amplifier is used to pump an optical parametric amplifier 

(Spectra-Physics OPA 800F) to produce a broad bandwidth, ~ 100 fs, infrared pulse. The 

spectral window of the IR pulse varied from 330-600 cm-1 in the C-H stretching region, 

depending on the experiment.. The energy of the 800 nm beam used and the IR energy in 

the C-H stretching region are noted in the individual chapters. The BBSFG experiment is 

performed in reflection geometry.  

The SFG beam is dispersed spectrally in a monochromator (Acton Research, 

SpectraPro 500i) using a 1200 g/mm diffraction grating blazed at 750 nm. The beam 

waist of the focused SFG beam limits the monochromator resolution. The SFG signal is 

collected with a CCD detection system (Roper Scientific, LN400EB, 1340 x 400 pixel 

array, back-illuminated CCD). Spectral resolution was determined to be 8 cm-1.50 

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 

polarization of the 800 nm beam is determined by rotation of a zero-order waveplate. By 

rotation of a MgF2 Berek’s compensator, the desired IR beam polarization is determined. 

A glan polarizer in the SFG detection line selects the SFG polarization. The ssp 

polarization combination probes the isotropic Raman response and the IR-active dipole 

moment that is perpendicular to the surface, the ppp polarization combination probes the 

anisotropic Raman response and the IR active dipole moment that is perpendicular to the 

surface, and the sps polarization condition probes the anisotropic Raman response and the 

IR transition moment in the plane of the interface. S and P polarized light denotes light 
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that is polarized perpendicular and parallel to the plane of incidence, respectively. ssp or 

sps by convention is listed in the order of: SFG, incident visible and incident IR light. 

The final spectra shown in this thesis are the average of the three spectra with the 

average of three background spectra subtracted, unless otherwise stated. The VSFG 

spectrum is normalized against a smoothed nonresonant VSFG spectrum from a GaAs 

crystal to remove any structure present in the IR pulse profile. The dips in a polystyrene-

GaAs spectrum are used to calibrate the wavenumber position for each set of 

experiments.  

 

Raman Instrumentation 

Raman spectra were obtained using 120  - 225 mW depending on the experiment from 

a 785 nm continuous wave laser (Raman Systems Inc). The backscattered light was 

collected by a fiber optic probe (Inphotonics) coupled to the entrance slit of a 500-nm 

monochromator (Acton Research, SpectraPro 500i) using a 600 groove/mm grating 

blazed at 1 µm. The slit width was set to 20 or 50 µm, depending on the experiment, and 

the bandpass for both, limited by the CCD pixel effective slit width, was measured to be 

3 cm-1. The spectra were collected in 60 sec exposures to a liquid nitrogen cooled CCD 

camera (Roper Scientific, LN400EB, 1340 x 400 pixel array, back-illuminated and deep 

depletion CCD). CCD calibration was completed using the 435.833 nm line from a 

fluorescent lamp. Calibration of the wavenumber position was completed for each set of 

experiments by taking a spectrum of crystalline naphthalene and comparing peak 

positions with the literature values.51 

 

Spectral Fitting 

Spectra are fit using the software package IgorPro 4.05 (WaveMetrics, Inc.). The 

VSFG spectra are fit with Lorentzian line shapes according to equations (2.1) and (2.5) 

using IgorPro with user-added fitting functions. The Igor procedure, written by Dr. Gang 

Ma, is found at the end of this section. The fitting procedure requires user input for the 

following parameters: two non-resonant terms, the peak amplitudes and phases, peak 

positions, and peak widths for each component peak. The parameters can be held 
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constant or allowed to vary with the fit. Unless otherwise noted in this thesis, the 

parameters were allowed to vary and the peak positions reported are the best fits found 

with the software. The number of peaks fit corresponds to the number of vibrational 

modes expected to be SFG-active. 

Raman spectra were fit using the multipeak fitting function with Voigt line 

shapes, with the background subtraction option enabled. Care was taken to ensure that the 

best-fit Voigt line shapes remained consistent between spectra, in order to properly 

compare any changes. 

 

SFG fitting procedure: 

 

#pragma rtGlobals=1  // Use modern global access method. 

function sfg_lor(w,x) : fitfunc 

 wave w   //coefficient wave for the lorentzian fit 

   // term 0, 1 are the non resonant  

   // 2, 5, 8, ... amplitude 

   // 3, 6, 9, ... peak position 

   // 4, 7,10,... lorentzian width  

 variable x  //Infrared frequency 

 variable j = 2, np = (numpnts(w)-2)/3 //np is the number of peaks to be fit 

 variable/c val    // val is a holding variable for the fitting equation 

 variable/c i = sqrt(-1) // defining the imaginary i 

 val = w[0] + i*w[1]  // the nonresonant wave 

 do     // Loop which collects the peaks into the 

holding variable val 

  val += w[j]/(x-w[j+1]-i*w[j+2]) 

  j += 3 

 while (j < np*3+1) 

 return magsqr(val)  // Returns the calculated fit back to Igor 

End 
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CHAPTER 3 

 

METHANOL REACTION WITH SULFURIC ACID1 
 

Introduction 

This chapter was motivated by an interest in understanding atmospheric aerosol 

chemistry. The reaction between sulfuric acid aerosols and tropospheric methanol is not 

well understood at the molecular level. Therefore, this reaction, under simplified 

experimental conditions, is the focus of this chapter.  

The uptake of methanol by sulfuric acid solutions has recently been studied,52,53 and the 

‘esterification’ of methanol by sulfuric acid has been known since the 1950’s.54 Yet, 

direct measurement of the reaction products has remained elusive. We present 

spectroscopic evidence of the formation of methyl hydrogen sulfate (CH3OSO3H) using 

Raman spectroscopy to investigate the bulk solution. Surface studies are also presented. 

Surface tension measurements provide a macroscopic understanding of the surface, and 

broad bandwidth sum frequency generation (BBSFG) spectra present a molecular view of 

the surface. 

 

                                                 
1 Much of this chapter is published as 

Lisa L. Van Loon, Heather C. Allen, 2004, Methanol Reaction with Sulfuric Acid: A 
Vibrational Spectroscopic Study, J. Phys. Chem. B 108, 17666-17674. 
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Chemical abbreviations used in this chapter are: 

MeOH (methanol); SA (sulfuric acid); MHS (methyl hydrogen sulfate); DMSO4 

(dimethyl sulfate) 

Experimental section 

Methanol (HPLC grade, Fisher Scientific), sodium methyl sulfate (99 %, Aldrich), 

dimethyl sulfate (99+ %, Aldrich), sulfuric acid (redistilled, 96.6 wt%, GFS) and 

hydrochloric acid (Fisher Scientific, 36.5 wt%) were used as received. Nanopure water 

(17.8-18.3 MΩ.cm) was used. The only water present in the methanol-sulfuric acid 

reaction system was brought in with the addition of the 96.6 wt% sulfuric acid. To 

completely dissolve CH3OSO3Na in SA, solution vials were placed in a warm water bath.  

In the low temperature study, a vial containing 96.6 wt% sulfuric acid was placed in a 

freezer at -(15 ± 2) ºC to temperature-equilibrate and was stirred. 1.00 mL of MeOH was 

delivered to the vial (1.37 molal) and Raman spectra were acquired every minute for a 

minimum of twelve hours. The room temperature study was conducted at (23 ± 1) ºC 

beginning with cold sulfuric acid and methanol since mixing is exothermic. The high 

temperature study was conducted by mixing cold sulfuric acid and methanol in a water 

bath and Raman spectra were obtained before mixing with a stir-bar began; the solutions 

were stirred and then heated in an oven to (82 ± 2) ºC for several days. In the high 

temperature study, spectra were obtained until peak intensities did not change, revealing 

that reactions had come to completion.   

 

Surface Tension Measurements 

Surface tension measurements were made using the Kibron Inc µ-trough system 

(Kibron DeltaPi, Kibron, Inc.), based on the Wilhelmy Plate Technique, with DeltaGraph 

v 2.15 software (Kibron, Inc.). 1.00 mL of solution was delivered into a PTFE tray for 

each measurement. The temperature varied between 26.0 and 28.7 ºC. 

 

Ab initio calculations 

Calculations were performed using Gaussian 03 for Windows;55 the 6-31+G** basis set 

was chosen for all ab initio calculations.56 
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Raman Instrumentation 

Raman spectra were obtained using 120  - 225 mW depending on the experiment. The 

slit width was set to 20 µm and the bandpass was limited by the CCD pixel resolution to 

3 cm-1. The spectra were collected in 60 sec exposures. 

 

SFG Instrumentation 

The infrared pulse energy used in the SFG experiments in this chapter is 10 µJ and the 

visible pulse energy is 115 µJ. Spectra were obtained by integration of the SFG signal for 

1- 5 minutes depending on the experiment. ssp polarization conditions were used for the 

BBSFG spectra shown here. However, sps polarization conditions were used for 

additional analysis. 

 

Scanning SFG 

A Nd:YAG laser with a 20-Hz repetition rate (EKSPLA PL2143) is used to 

generate one beam at 532 nm (30 ps). The remaining fundamental 1064 nm beam is 

converted into the second and third harmonics (532 nm and 355 nm respectively) in the 

Harmonics Unit (Ekspla). The PG/401/DFG (Ekspla) uses these two beams to create 

tunable IR from 4000-1000 cm-1 with a AgGaS2 crystal. The IR energy at 1070 cm-1 is ~ 

100 µJ. The 532 nm energy used is ~ 500 µJ. The bandwidth of the IR beam in the 2800-

4000 cm-1 region is 4-8 cm-1. The SFG experiment is set up in reflectance geometry. The 

532 nm and IR beams are directed to the sample in co-propagating geometry with input 

angles of 56.8º (IR) and 66.3º (532 nm) to the surface normal. The resulting SFG beam (~ 

65.3º) is detected by a monochromator (SOLAR TII, Ltd, M2001i) CCD/PMT setup. 

Either the CCD (Andor Technology, DV412BV) or the PMT (Hamamatsu Corporation, 

R5929) detector is selected by rotating a mirror inside the monochromator to the 

appropriate exit slit. The appropriate polarizations (s or p) are chosen by rotating half 

wave plates in the 532 nm and SFG detection lines. The IR polarization is determined by 

the rotation of two gold mirrors. The SFG spectrum is normalized against the IR and 532 

nm intensities to remove fluctuations in the spectrum due to the energy profile. The 
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calibration of the spectral wavenumber is done by obtaining an IR spectrum of 

polystyrene and comparing it with the known literature peak positions. 

 

Results and Discussion 

Before studying the reaction of MeOH with SA, it was important to understand the 

spectroscopic signatures of neat MeOH and SA. Therefore the liquid Raman spectra of 

neat methanol and sulfuric acid were obtained and these spectra are shown in Figure 3.1a. 

Their peak assignments are found in Table 3.1. Of particular interest to this study in the 

methanol spectrum is the peak at 1034 cm-1 assigned as the symmetric O-C stretch, the 

peak at 2835 cm-1 attributed to the CH3 symmetric stretch, the 2920 cm-1 shoulder and the 

peak at 2944 cm-1 are assigned to two Fermi resonances. The high-energy side of the 

2944 cm-1 peak has a shoulder at 2977 cm-1 attributed to the CH3 asymmetric stretching 

modes.  

The 96.6 wt% SA solution contains both H2SO4 and HSO4
- molecules with the 

bisulfate ion solvated by multiple H2SO4 molecules.57 Three SA peaks shown in Figure 

3.1a are of particular interest to this study. The peak at 912 cm-1 is attributed to the in-

phase symmetric stretching of S(OH)2 from H2SO4. The 1044 cm-1 peak is assigned to the 

SO3 symmetric stretch of HSO4
- in the (HSO4

-)(H2SO4) complex. The peak at 1153 cm-1 

is assigned to the O=S=O symmetric stretch. 

The reacted mixture of methanol with sulfuric acid (7 SA : 1 MeOH: 1 H2O) is shown 

in Figure 3.1b. Due to the high concentration of SA, it is difficult to distinguish between 

O-S vibrations due to any reaction product and SA in the region between 400 and 1500 

cm-1 since the peaks appear at approximately the same frequency. However, in 

Figure3.1b, a peak at 808 cm-1 is observed; this peak is not present in either the neat 

MeOH or the 96.6 wt% SA spectra (Figure 3.1a) and is attributed to the singly bonded 

OSO symmetric stretch of a new species, methyl hydrogen sulfate (CH3OSO3H; MHS). 

The spectrum of a MHS standard solution is shown in Figure 3.3. In addition to the 808 

cm-1 peak in Figure 3.1b, the shoulder on the low energy side of the SO3 symmetric 

stretch peak of SA observed at 995 cm-1 is of interest to this study and is assigned to the 

O-C symmetric stretch of MHS. This peak is shifted to lower energy as compared to the 
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methanol O-C symmetric stretch (1034 cm-1). 

The CH3 stretching region in the MeOH + SA spectrum of Figure 3.1b is different from 

that of neat MeOH. The entire methyl stretching region of Figure 3.1b is shifted to higher 

energy relative to the neat MeOH spectrum of Figure 3.1a. Like for methanol, the 2859 

and 2975 cm-1 peaks are assigned to the CH3 symmetric stretch and a Fermi resonance 

with the smallest peak at 3047 cm-1 assigned to the CH3 asymmetric stretching modes. 

All peak assignments for spectra of Figure 3.1 are shown in Table 3.1.  

The relative peak intensities in the CH3 stretching region are also different in the 

reacted mixture of MeOH + SA compared to the neat methanol spectrum as shown in 

Figure 3.2. In addition, the relative intensities of the methanol CH3 symmetric stretch 

(2835 cm-1) to the Fermi resonance (2944 cm-1) is 2:1 in the methanol spectrum while the 

relative intensity of the reacted mixture 2859 to 2975 cm-1 peaks is 1:2. 

To investigate the possibility that the reacted MeOH + SA spectrum in Figure 3.1b is 

the spectrum of protonated MeOH, CH3OH2
+, the spectrum of methanol in HCl was 

obtained and is shown in Figure 3.2 (a and b). The peak assignments are found in Table 

3.1. Methanol is only weakly basic (for CH3OH2
+; pKBH+ = ─ 4.86 ± 0.37),58 and under 

concentrated acid conditions (4 HCl : 1MeOH : 13 H2O; 12M HCl added), 35% of the 

methanol is protonated.58 In the Raman spectrum, protonation is observed as a red-

shifting of the O-C symmetric stretch from 1034 cm-1 for neat methanol to 1003 cm-1 for 

protonated MeOH in HCl58 and 995 cm-1 (small peak) for the MeOH + SA solution as 

shown in Figure 3.2a. This shift to lower energy suggests that the O-C bond lengthens as 

a result of protonation.59 The decrease in O-C peak intensity for MeOH2
+ of MeOH in 

HCl and the MHS product of MeOH + SA as compared to the intensity in neat MeOH is 

mainly due to dilution. (Normalization of the data to equalize the number density 

produced O-C peaks of comparable intensity.) The reacted MeOH + SA solution 

spectrum, Figure 3.2a, has a peak at 808 cm-1 not present in the spectrum of MeOH in 

HCl so it cannot be attributed to protonated methanol.  

The CH3 stretching regions of neat methanol, methanol reacted with sulfuric acid, and 

methanol in hydrochloric acid are compared in Figure 3.2b. The CH3 stretching region of 

methanol in HCl is blue-shifted relative to that of neat methanol but less than that of the 
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reacted mixture. This shift to higher energy for MeOH in HCl indicates that the CH 

bonds of MeOH are strengthened in HCl. The relative intensity of the symmetric stretch 

to the higher energy peak has changed from 2:1 to 1:1 for the HCl mixture, and 1:2 for 

the reacted mixture. The observed decrease in intensity of the CH3 stretching region 

relative to the MeOH spectrum in Figure 3.2b is again mainly due to dilution for the 

MeOH in HCl solution. However, the MeOH + SA solution CH3 region is less intense 

even after normalization to equalize number density effects (Figure 3.11b) consistent 

with the shifting of the CH3 asymmetric stretch to higher wavenumber. 

The formation of MHS from the reaction of MeOH with SA has been investigated since 

the 1950’s. The reactions, as postulated by Deno and Newman, are shown in reactions 

(A)-(C).54 

ROH2
+ + H2SO4  ROSO3H + H3O+     (A) 

ROH + H3SO4
+  ROSO3H + H3O+     (B) 

ROH + H2SO4  ROSO3H + H2O      (C) 

 

More recently, the reaction sequence has been expressed by Torn and Nathanson60 and 

is shown below in reactions (a) – (f). 

 

H2SO4 + H2O  HSO4
- + H3O+      (a) 

HSO4
- + H2O  SO4

2- + H3O+      (b) 

ROH + H3O+  ROH2
+ + H2O      (c) 

HSO4
- + ROH + H3O+  ROSO3H + 2H2O    (d) 

ROSO3H + H2O  ROSO3
- + H3O+     (e) 

ROSO3H + ROH  (RO)2SO2 + H2O     (f) 

 

 MHS may further react with methanol to form DMSO4 based upon a drop in the 

desorbing methanol fraction in flow-tube experiments as suggested by reaction (f).53 To 

confirm the product of the reaction between methanol and sulfuric acid in this study, the 

Raman spectra of MHS in SA (11 SA : 1 MHS : 1 H2O) and DMSO4 in SA (12 SA : 1 

DMSO4 : 2 H2O) were obtained as shown in Figure 3.3. Both compounds have a peak in 



 15

the 800 cm-1 region attributed to their singly bonded OSO symmetric stretch, but the 

positions differ: 769 cm-1 for DMSO4 in H2SO4 and 807 cm-1 for MHS in SA. Shown in 

the inset of Figure 3.3, the 2860 cm-1 of MHS and the 2976 cm-1 peaks of both MHS and 

DMSO4 are assigned to CH3 symmetric stretching and Fermi resonance modes, 

respectively. The 2859 cm-1 peak of DMSO4 is assigned to a CH3 symmetric stretch, 

although it has been previously assigned as a combination band or a Fermi resonance of 

the CH3 bending mode with the CH3 symmetric stretch.61 The 3043 cm-1 peak of MHS 

and the 3050 cm-1 peak of DMSO4 are assigned to CH3 asymmetric stretches. The CH3 

stretching regions of MHS and DMSO4 are shifted to higher wavenumber relative to that 

of methanol. The relative intensity of the peaks in the methyl symmetric stretching 

regions is 1:2, unlike that for neat methanol, but the same as that of the reacted mixture of 

MeOH + SA. Additional peak assignments are found in Table 3.1. 

The Raman spectra of a series of reacted MeOH + SA mixtures are shown in Figure 

3.4a. The MeOH + SA singly bonded OSO peak at ~800 cm-1 shifts with changing SA 

concentration as shown in Figure 3.4a. Figure 3.4b shows the shift of the singly bonded 

OSO symmetric stretch of DMSO4, MHS, and reacted MeOH with increasing sulfuric 

acid concentration to higher wavenumber. Shown in Figure 3.4a, the in-phase S(OH)2 

stretch of H2SO4 shifts from 912 cm-1 at high SA concentrations to 895 cm-1 in low SA 

concentration, the position of the S(OH) stretch of HSO4
-.57 The peak at 1043 cm-1 is 

attributed to the νs(SO3) of H2SO4 in the largest SA concentration. As the SA 

concentration decreases, the peak shifts to 1055 cm-1, the peak position attributed to νs 

(SO3) of HSO4
-.57 

Unlike the 1043 and 912 cm-1 bands, the O=S=O stretch at 1153 cm-1 does not shift 

significantly (< 5  cm-1) with changing composition (ref. 62 and unpublished data from 

our lab) indicating that the O=S=O stretch is less dependent on the hydrogen bonding. 

The SA peak shifts indicate that the major sulfuric acid species present in the solution 

changes from H2SO4 at high SA to HSO4
- in lower SA regimes due to protonation of the 

methanol. In the 0.5 SA : MeOH reaction mixture there is only enough SA to protonate 

half of the methanol, giving MeOH2
+ + MeOH.  

The peak position for the O-C symmetric stretch is ≤ 1003 cm-1 in Figure 3.4a, 
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indicating the methanol molecules are either protonated or reacted, and partially or fully 

solvated by sulfuric acid. In 1H NMR studies of CD3OH in SA, methanol is completely 

protonated in a 1:1 mixture and the H-H distance in CD3OH2
+ is larger than predicted due 

to hydrogen bonding.63 Sulfuric acid has two S-(OH) available for H-bonding and 

perhaps forms a network involving all of the methanol molecules even under the lowest 

SA concentrations. The O-C symmetric stretch at 1003 cm-1 in the 0.5 SA per MeOH 

reaction system shifts to lower energy with increasing SA concentration due to O-C bond 

lengthening as it is solvated more fully by SA. The lengthening of the bond decreases the 

bond polarizability and the peak intensity decreases with increasing SA as well. 

AM1 calculations suggest that CH3OSO3
- is solvated by 8-9 H2O molecules.56 

Spectroscopically, this is observed by a change in the position of the vibrational mode 

affected by the solvation. The solvation of MHS by H2O was investigated here (data not 

shown) by monitoring the position of the singly bonded OSO stretching peak with 

increasing H2O excess. The position shifts from 765 cm-1 for the crystalline compound to 

785 cm-1 in a solution of 4 or more H2O molecules per MHS, signifying that one MHS 

molecule is solvated by four water molecules. The peak position shift is more dramatic in 

sulfuric acid (∆ ~ 40 cm-1), Figure 3.4b, indicating that SA with MHS form a stronger H-

bond network than H2O with MHS. A smaller shift of 5 cm-1 is observed for DMSO4 in 

SA. 

Ab initio 6-31+G** calculations were performed to aid in understanding the 

differences between the MHS and DMSO4 solvation shifts. The sulfate moiety of 

CH3OSO3
- consists of two doubly bonded oxygens with bond lengths of 1.47-1.48 Å, and 

a singly bonded oxygen with a bond length of 1.62 Å, in agreement with previous 

calculations.56 The HOMO is distributed amongst these three oxygens, rendering the 

sulfate moiety available to participate in hydrogen bonding with sulfuric acid. In MHS, 

CH3OSO3H, the HOMO is predominately on the two doubly bonded O=S moieties and to 

a lesser extent on the oxygen bonded to the methyl group as shown in Figure 3.5. The 

LUMO is on the oxygen of SOH; however, the hydrogen of the SOH may be available 

for hydrogen bonding to the solvent SA. Again the sulfate moiety is available for 

hydrogen bonding. Upon solvation, electron density may be transferred from the O=S 
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bonds of MHS to O—H hydrogen bonds (the MHS oxygen with a SA hydrogen), 

reducing the electron density around the sulfur atom. The sulfur atom then pulls electron 

density from the two singly bonded O-S bonds, shortening their length. 

Spectroscopically, this is observed as a shift to higher energy for the singly bonded OSO 

vs vibration.  

These calculations also revealed that the HOMO of DMSO4 is also located on the 

oxygens of the O=S bonds. However, solvation of DMSO4 by SA is sterically hindered 

by the presence of two CH3 moieties, reducing the ability of H2SO4 to fully solvate the 

molecule. This translates as a smaller energy shift for the singly bonded OSO symmetric 

stretch of DMSO4. 

 

MHS Reaction 

Temperature studies were conducted to determine the effect that temperature might 

have on the extent of reaction, the formation of MHS versus DMSO4, and the effect, if 

any, on frequency of the product peak. The reaction between MeOH and SA was 

investigated at –15º C, 23 ºC and 82 ºC.  

In the low temperature regime, most relevant to middle and upper tropospheric 

temperatures, the reaction was followed for a 7 SA : 1 MeOH ratio. The Raman spectra 

were obtained at several times after the initial mixing and representative spectra are 

shown in Figure 3.6. Clearly the ~800 cm-1 MHS product peak is increasing with time as 

is the peak at 1044 cm-1 due to HSO4
- in the SA/HSO4

- complex. The peaks at ~912 cm-1 

due to the in-phase S(OH)2 stretch and the 1153 cm-1 peak due to the νs O=S=O decrease 

with time. These observations are consistent with the formation of MHS and related 

solvent changes from the MeOH + SA reaction. The singly bonded OSO symmetric 

stretch peak is observed at a higher frequency than the characteristic DMSO4 peak 

position (Figure 3.4b), indicating that no DMSO4 is formed. (Detection limits for this 

instrument are in the micromolar range.)  

To determine the extent of reaction between methanol and sulfuric acid for the low 

temperature study, the area of the singly bonded OSO symmetric stretch peak of known 

concentrations of MHS in SA was plotted as a function of concentration as a calibration 
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curve and is shown in Figure 3.7. According to the reaction sequence, water is also 

produced as a product and is therefore included stoichiometrically in the calibration curve 

concentrations. The extent of the MHS calibration curve is limited by the solubility of 

MHS in SA. The concentration of MHS in the reaction mixture is derived by this method. 

The data shown in Figure 3.8a was obtained at (-15 ± 2) ºC for initial conditions of 7 SA : 

1 MeOH. From Figure 3.8a, the MHS yield is determined to be (95 ± 2) % for this low 

temperature study. 

From the low temperature experiment, a rate constant was determined from the data 

plotted in Figure 3.8a. The rate law used to fit the data has been previously determined54 

and is shown in equation 3.1. 

 

]][][[][
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3 activityHSOHROHk
dt

HROSOd +=     (3.1) 

 

          (3.2) 

 

 

Plotting equation 3.2 as a function of time gives a straight line with a slope 

corresponding to [H+ activity] multiplied by k. The slope of the line is determined to be 

0.0149t + 0.1164. (Forcing the intercept through zero gave a slope of 0.0152t.) The value 

of [H+ activity]k is then determined to be 2.48 x 10-4 s-1. (Due to the high concentration 

of the sulfuric acid used in the kinetics studies, the Hammett acidity function cannot be 

used to determine the activity).64 Using an activity for H+ of 7.4264 produces a rate 

constant k of 3.4 x 10-5 s-1. 

This rate constant value is slightly different than other experiments that produced 

values of 69 x 10-7 s-1(mole per 1000g solution)-1 in 70.4 wt% SA at 25 ºC54 and 1.9 x 10-4 

s-1 using D2SO4 at an equivalent of 70.62 wt% SA at 25 ºC.65 Increasing the equivalent 

wt% SA to 77.05 wt% increased the rate constant by a factor of five to 9.15 x 10-4 s-1.65 

More recently, Knudsen cell studies measured the uptake constants for methanol by SA 

solutions.52,53 Kane and Leu53 measured rate constants of 0.1 – 10 s-1 for methanol uptake 
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at 213 K in 65 – 80 wt% SA solutions. From uptake measurements, Iraci et al.52 

determined a maximum rate constant, k ≤ 3 x 10-5 s-1 for the reaction between methanol 

and SA at 72.2 wt% SA for temperatures of 197 – 223 K. Differences in surface uptake 

versus bulk reaction, temperature, experimental technique and/or sulfuric acid 

concentration may explain the differences in rate constants. Studies using additional low 

temperature ranges need to be conducted to completely understand this system and thus 

the impact on middle and upper tropospheric aerosol growth. 

The low temperature studies did not reveal evidence for the formation of DMSO4. 

Room temperature and the high temperature studies were completed as well to further 

explore the possibility of DMSO4 production. MHS formation was noted by the presence 

of the singly bonded OSO symmetric stretch peak at ~809 cm-1. 

For DMSO4 production, neither the room temperature studies nor the high temperature 

studies provide evidence for DMSO4 formation (our detection limit was determined to be 

683 SA : 1 DMSO4 : 105 H2O for DMSO4). However, DMSO4 formation is not 

necessarily expected without the aid of a catalyst. A search of the literature66,67 gives 

several patents for the formation of DMSO4, suggesting high temperatures and the 

addition of dimethyl ether are required. 

 

Surface Studies 

To further understand the impact of the reaction of methanol and sulfuric acid as it 

relates to atmospheric aerosol growth, a surface study with surface tension measurements 

and sum frequency generation was undertaken. Surface tension data for MeOH + SA, 

MHS in SA and DMSO4 in SA at varying SA to solute ratios are presented in Figure 3.9. 

As the SA concentration increases the surface tension measurements tend toward the 

surface tension of 96.6 wt% SA, suggesting that the alkyl sulfate species are not 

preferentially segregating to the air-liquid interface particularly at SA : solute ratios 

greater than 5:1, and that the surface forces resemble that of highly concentrated sulfuric 

acid. Surface tension measurements of butanol in sulfuric acid-water solutions found 

similar results and concluded that addition of SA to water suppresses surface segregation 

of butanol by protonation and conversion to butyl-sulfate species.60 Also, an ultra-high 
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vacuum surface study of SA monolayers suggested that propanol segregates into the bulk 

before undergoing reaction.68 

Surface vibrational spectroscopy was used to provide insight into the equilibrium 

surface structures and surface number density. The BBSFG spectrum of the CH region 

was obtained from the air-liquid interface of neat methanol, MeOH in HCl, DMSO4 and 

MHS in SA, and the MeOH + SA reaction mixture. The BBSFG spectrum of neat MeOH 

is consistent with previously obtained spectra.49 Peaks observed at 2832 cm-1 (fit to 2835 

cm-1), 2910 cm-1 (fit to 2898 cm-1), and 2944 cm-1 (fit to 2847 cm-1) are assigned as the 

CH3 symmetric stretch, and the two Fermi resonances. Additionally, a small peak at 2980 

cm-1 is assigned to the CH3 asymmetric stretch. Methanol at its air – neat methanol 

interface is somewhat ordered with its methyl groups pointing toward the air phase.49 

Three peaks are observed for MeOH in HCl at 2840 cm-1 (fit to 2843 cm-1), 2920 cm-1, 

and 2947 cm-1 (fit to 2957 cm-1) and are given the same assignments as those for neat 

MeOH although a fourth peak, the methyl asymmetric stretch, is further shifted to higher 

energy. Overall, there is a shift to higher energy for MeOH in HCl versus neat MeOH in 

the BBSFG spectrum shown in Figure 3.10, which is also observed in the Raman 

spectrum of Figure 3.2b. The blue shift is due to shortening of the CH bonds from 

protonation of the OH group.  

The frequencies for the CH region of MHS, DMSO4, and the MeOH + SA reaction 

mixture of Figure 3.10 are shifted to higher energy relative to neat MeOH. The spectra of 

MHS and DMSO4 in SA are similar and the reacted mixture MeOH + SA spectrum is 

comparable to both, with two observed peaks at 2850 cm-1 (fit to 2856 cm-1) and 2968 

cm-1 (fit to 2970 cm-1). Peaks assignments are consistent with the Raman assignments. 

The CH3 asymmetric stretch modes have shifted to higher frequencies relative to neat 

MeOH and MeOH in HCl. 

Polarization BBSFG studies were also conducted to elucidate orientation effects; 

however, poor signal to noise due to small SFG transition moment strengths for the CH3 

stretching region only allowed an estimate that the CH3 symmetric stretch transition 

moment which bisects the CH3 group is somewhat perpendicular to the surface plane. 

This is based on the intensity ratio of the ssp to the sps (spectrum not shown here) VSFG 
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CH3 symmetric stretching peaks.  

There is a decrease in signal intensity of the CH3 symmetric stretch relative to the 

higher energy Fermi resonance peak for the MeOH in HCl (1:1), the MeOH + SA (1:2), 

and the MHS (1:2) and DMSO4 (1:2) relative to neat MeOH (2:1). Normalization of the 

BBSFG spectra in Figure 3.10 to equalize number density of bulk concentrations reveals 

interesting changes in the intensity as shown in Figure 3.11a. These observed intensity 

changes are dissimilar from the Raman spectra in which the intensities were also 

normalized to number density of the solute. The equalized number density Raman 

spectrum is shown in Figure 3.11b. In Figure 3.11a, the MeOH in HCl surface spectrum 

has the highest intensity, which is consistent with increased ordering of protonated 

surface methanol in addition to charge effects. The reacted mixture of MeOH + SA 

normalized surface spectrum ((95 ± 5) % conversion to MHS) intensity relative to the 

neat MeOH normalized surface spectrum is however consistent with the intensity 

changes observed in the Raman spectrum. The results for the reacted mixture reveal that 

although the surface tension data suggests that the surface is sulfuric acid-like, the 

BBSFG data indicates a similar concentration of the MHS from the reaction mixture in 

the air-liquid interfacial region relative to the bulk. 

Recently the charged sulfate headgroup of SDS has been observed using SFG 

spectroscopy.39,69 Here, the air-liquid interfacial structure of reaction mixtures of 1 SA: 1 

MeOH was investigated in the fingerprint region, Figure 3.12. The ssp spectra reveal the 

νCO stretch centered at 1021 cm-1, the νSO3
 at 1082 cm-1, and other peaks between 1100 

and 1300 cm-1 attributed to sulfate modes. The presence of the CO stretch in the ssp 

spectrum confirms the finding from the CH stretching region SFG spectra that the O-CH3 

moiety is perpendicular to the air-liquid interface. 

 

Conclusions 

Clearly, the reaction of methanol with concentrated sulfuric acid produces MHS with 

almost complete conversion of available methanol. The MHS product has different 

physical properties relative to methanol, both in the bulk liquid and at the surface of a 
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solution mixture. In the 7 SA : 1 MeOH : 1 H2O system studied extensively here, it is 

clear that MHS is the end product, while protonated methanol is likely an intermediate 

species 
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Peak (cm-1) Assignment Peak (cm-1) Assignment 
MeOH70 MeOH in HCl  96.6 wt% SA  

 1003 νs O-C of CH3OH2
+ 58 417 torsion71,72 

1034  νs O-C 564 S=O2 rock and bend71,73,72 

1111 1100 γ CH3 912 in-phase stretching S-(OH)2 of 
H2SO4

57 
1451  δs CH3 969 νas S-(OH)2

74 

1470 1461 δas CH3 1044 νs SO3 of HSO4
- in (HSO4

-

)(H2SO4) 57 
1544  ν O-C + δ O-H…O 1153 νs O=S=O74 
2835 2851 νs CH3 1369 νas O=S=O74 
2920 2912 FR (νs CH3 + 2 δ CH3)49   
2944 2958 FR (νs CH3 + 2 δ CH3)49   
2977  νas CH3   

 3009 νas CH3   
     

Peak (cm-1) Assignment Peak (cm-1) Assignment 
MHS in SA75 DMSO4 in SA61  7 SA:1 MeOH  

414 419 torsion (SA) 419 torsion (SA) 
 503 δwag O=S=O (DMSO4)   

565 565 S=O2 rock and bend 
(SA) 569 S=O2 rock and bend (SA) 

807 769 νs O-S-O (DMSO4, 
MHS) 75,76 808 νs O-S-O (MHS) 

909 910 in-phase S-(OH)2 (SA) 912 in-phase  S-(OH)2 (SA) 
   995 νs O-C (MHS)* 

1044 1046 νs SO3 (SA) 1046 νs SO3 (SA) 
1164 1158 νs O=S=O (SA) 1164 νs O=S=O 

 1197 νs O=S=O (DMSO4)   

1371 1367 νas O=S=O (SA, MHS* 
and DMSO4) 

1369 νas O=S=O 

   1445 δs CH3 (MHS) 
1457 1457 δ CH3 1459 δas CH3 (MHS) 
2860 2859 νs CH3 2859 νs CH3 (MHS) 
2976 2976 FR (νs CH3 + 2 δ CH3)* 2975 FR (νs CH3 + 2 δ CH3)* 
3043 3050 νas CH3 3047 νas CH3 (MHS) 

 
 
Table 3.1. Raman spectra peak assignments for neat methanol, 96.6 wt% sulfuric acid, 

methyl hydrogen sulfate in SA, dimethyl sulfate in SA, and the reacted MeOH-SA 

solution. Symbols used in the table are FR = Fermi resonance, ν = stretch, γ= torsion, and 

δ= deformation modes. The resolution of the peaks is ± 2 cm-1. * denotes assignment by 

the authors.  
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Figure 3.1. Raman spectra of (a) methanol (grey) and sulfuric acid (gold), and (b) the 

reaction mixture of methanol + sulfuric acid (red). 
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Figure 3.2. Raman spectra of methanol (grey), methanol in HCl (green), and the reacted 

mixture of methanol + sulfuric acid (red) (a) from 400-1300 cm-1 and (b) in the CH3 

stretching region (the methanol spectrum in this region has been reduced by a factor of 

five). 
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Figure 3.3. Raman spectra of dimethyl sulfate in sulfuric acid (pink), and methyl 

hydrogen sulfate in sulfuric acid (blue) from 400-2000 cm-1 and in the CH3 stretching 

region (inset). 
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Figure 3.4. Raman spectra of (a) methanol + sulfuric acid reaction mixtures for various 

concentrations and (b) the position of the singly bonded OSO symmetric stretch as a 

function of the ratio of sulfuric acid molecules to solute molecules. 
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Figure 3.5. Ab Initio 6-31+G** calculation schematic of the HOMO of methyl hydrogen 

sulfate. 
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Figure 3.6. Raman spectra of methanol + sulfuric acid over time (7 SA : 1 MeOH: 1 H2O 

at -15 ºC). 
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Figure 3.7.  Methyl hydrogen sulfate in sulfuric acid (calculated in molality), the singly 

bonded OSO symmetric stretch (at ~800 cm-1) peak area as a function of concentration 

(blue diamonds). 
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Figure 3.8. a) Plot of the % yield of methyl hydrogen sulfate as a function of time. The 

data begins at t = 60 min. b) Plot of [MHS]t/[MeOH]t[H2SO4]t versus time (min). The 

slope of the line corresponds to [H+ activity] k. 
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Figure 3.9. Surface tension measurements of methyl hydrogen sulfate in sulfuric acid 

(blue diamonds), dimethyl sulfate in sulfuric acid (pink squares), and reaction mixture of 

methanol + sulfuric acid (red triangles).  The surface tension of  96.6 wt% sulfuric acid is 

shown as a green dotted line. 
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Figure 3.10. BBSFG spectra of methanol reduced by a factor of three (grey), methanol in 

HCl (green), the reacted mixture of methanol + sulfuric acid (red), methyl hydrogen 

sulfate in sulfuric acid (blue), and dimethyl sulfate in sulfuric acid (pink) in the CH3 

stretching region. 
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Figure 3.11. Spectra normalized to equalize the number of solute molecules in order to 

compare spectral intensities, a) BBSFG surface spectra, b) Raman spectra from the bulk 

solution. 
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Figure 3.12. SFG ssp polarization spectra of MeOH + SA in the fingerprint region of a 1 

SA: 1 MeOH mixture. The original spectrum is shown as black data points with error 

bars, the overall fit is shown in red, and the component peaks are shown in blue. 
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CHAPTER 4 

 

UPTAKE AND SURFACE REACTION OF METHANOL BY SULFURIC ACID 

SOLUTIONS INVESTIGATED BY VIBRATIONAL SUM FREQUENCY 

GENERATION AND RAMAN SPECTROSCOPIES 

 

Introduction 

The uptake of small oxidized organics such as methanol by sulfate aerosols may be a 

mechanism for aerosol growth1 and may affect the properties of atmospheric aerosols.7 In 

this chapter the uptake of methanol by sulfuric acid (SA) solutions ranging from 0 to 96.5 

wt% is investigated. First the uptake at the air-liquid interface of SA solutions was 

investigated using vibrational sum frequency generation spectroscopy (VSFG). The 

diffusion of methanol into sulfuric acid solutions was monitored using Raman 

spectroscopy. Finally, the detection limit of methyl hydrogen sulfate (MHS) in SA 

solutions was determined. 

Chemical abbreviations used in this chapter are MeOH (methanol), MHS (methyl 

hydrogen sulfate), and SA (sulfuric acid). MHS is used to refer to both protonated 

(CH3OSO3H) and unprotonated (CH3OSO3
-) methyl sulfate. In addition, vibrational sum 

frequency generation (VSFG), broad bandwidth SFG (BBSFG), symmetric stretch (ss), 

asymmetric stretch (as), and Fermi resonance (FR) are used. 
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Experimental 

BBSFG Instrumentation and Experimental Details 

The spectral window of the IR pulse was ~ 330 cm-1 in the C-H stretching region for 

these experiments. The energy of the 800 nm beam used was 400 µJ, and the IR energy in 

the C-H stretching region was 1.0 µJ at the sample. 

The polarization combination used in this chapter is ssp. The ssp-polarized spectra 

were obtained continuously with a one-minute acquisition time. Thirty spectra were 

collected for each uptake experiment. A background spectrum was obtained by changing 

the temporal overlap of the 800 nm and IR beams. The VSFG spectra are normalized 

against a smoothed (Savitzky-Golay, 2nd order, 11 points) nonresonant VSFG spectrum 

from a GaAs crystal to remove any structure present in the IR pulse profile.  

 

Raman Spectroscopy 

Raman spectra were obtained using 150 mW from a 785 nm continuous wave laser 

(Raman Systems Inc.). In the uptake experiments, spectra were collected as the average 

of three thirty-second exposures every ten minutes for several hours with a liquid 

nitrogen-cooled CCD camera (Roper Scientific, LN400EB, 1340 x 400 pixel array, back-

illuminated and deep depletion CCD). The laser shutter is controlled electronically 

(Princeton Instruments, ST-133 Controller) to only open during collection to prevent 

sample heating during the experiment. For the protonation experiments the laser shutter 

was opened manually and spectra were collected as the average of three one-minute 

exposures.  

 

FTIR Spectroscopy  

A Thermo Nicolet FTIR spectrometer (Avatar 370, Thermo Electron Corporation) was 

employed to determine the concentration of methanol in the flow experiments. The 

N2/MeOH mixture flowed at 25 standard cubic centimeters per minute (SCCM) into an 

open-ended cell placed in the FTIR sample compartment. Spectra were collected with a 

spectral resolution of 4 cm-1 and 200 scans. A background spectrum was taken and 

subtracted from each sample spectrum. The concentration of methanol was determined by 
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FTIR using the absorbance of the νCO-ss at 1052 cm-1 with equation 4.1.77 

T=exp[-kcml]        (4.1) 

T is the infrared transmission. The molar naperian absorption coefficient, k (cm2/mole), is 

calculated according to equation 4.2. The concentration of methanol is cm. The 

pathlength, l, was determined to be 22.86 cm. 

ν∆
= ASNk          (4.2) 

The absorption line intensity, S, for methanol is 3.77 x 10-20 cm-1/(molecule cm-2) at 

1052.16845 cm-1.78 NA is 6.022 x 1023 mole-1 and ∆ν is assumed to be 0.1 cm-1.77 The 

concentration of methanol, cm, with a N2 flow rate of 25 SCCM was determined to be 

(2.2 ± 0.2) x 10-7 mol/cm3 or (1.3 ± 0.1) x 1017 molecules/cm3. 

 

Chemicals 

Methanol (HPLC Grade, Fisher Scientific), sulfuric acid (redistilled, 96.5wt%, GFS), 

ammonium hydrogensulfate (98%, Aldrich), and nitrogen gas (N.F.) were used as 

received. Deionized water was obtained from a Millipore Nanopure system (18.1-18.2 

MΩ•cm). 

The sulfuric acid solutions were prepared by diluting 96.5 wt% sulfuric acid with 

deionized water. The concentrations used in the Raman uptake experiments were (79.3 ± 

0.3) wt%, (61.6 ± 0.1) wt%, and (39.2 ± 0.1) wt%. For the SFG uptake experiments the 

SA solution concentrations were (80.5 ± 0.1) wt%, (57.24 ± 0.02) wt%, and (42.2 ± 0.5) 

wt%. The difference in SA concentrations used in the VSFG versus the Raman 

experiments is due to variations in subsequent solution preparations. The concentrations 

were determined to ± 0.1 wt% by titration with a standardized sodium hydroxide 

solution. To prepare the ammonium bisulfate solution the salt was dissolved in deionized 

water and filtered twice through a carbon filter (Carbon-Cap 75, Whatman). The 

concentration (0.78 ± 0.1 M) was determined spectroscopically using the sulfate 

vibrational mode at 985 cm-1.  
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Uptake experiments 

In the SFG uptake experiments nitrogen is bubbled into methanol at a flow rate of 25 

SCCM (Mass Flow Controller 1479A51CS1BM, powered by PRF4000-F2VIN, MKS 

Instruments). A three-way valve connects the N2/MeOH mixture flow to the experimental 

cell (made of Teflon) and to an exhaust line. Prior to the start of an experiment, the 

mixture flows to the exhaust line. The mixture is allowed to flow into the cell for the 

duration of the experiments. Between SFG uptake experiments, the N2 line is connected 

directly to the cell for 10 minutes to flush the cell of any gaseous species. In the Raman 

uptake experiments, the three-way valve is not used, and instead, the N2/MeOH mixture 

(MeOH concentration of (1.3 ± 0.1) x 1017 molecules/cm3) is connected directly to the 

cell. The Raman probe is placed 3.5 mm below the solution surface. Spectra were 

reproduced several times over a period of 18 months. All experiments were conducted at 

room temperature (23±2 °C). 

 

Results and Discussion 

A previous study by the authors investigated the reaction between methanol and 96.6 

wt% sulfuric acid (SA) to form methyl hydrogen sulfate (MHS).42 The experiments were 

performed by mixing the two reactants together and taking the SFG or Raman spectrum 

of the mixture. Here the formation of MHS or protonated methanol is investigated in 

lower wt% SA solutions in real time. Previous investigations by others52,53 of the uptake 

of methanol by sulfuric acid solutions were performed using mass spectrometry to 

monitor changes in the gas-phase methanol concentration. Using VSFG we are able to 

monitor spectral changes at the air-liquid interface of the sulfuric acid solutions to 

determine the methanol species (MeOH, MeOH2
+, or MHS) present at different SA 

concentrations. 

 

VSFG experiments 

The ssp polarization VSFG spectra of the uptake of methanol at the surface of SA 

solutions are shown in Figure 4.1 (a-d). One-minute spectra were acquired continuously 

during the surface uptake experiments. Figure 4.1e shows the SFG spectra obtained after 
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the N2/MeOH flow was stopped and the cell lid was removed. Also shown in Figure 4.1e 

are the VSFG spectra with water and 0.78 M ammonium bisulfate since methanol was 

observed at the surface after the uptake experiment, although no peaks were observed 

during the flow experiment.  In Figure 4.1 (a-d) it is observed that peaks attributable to 

MeOH or MHS were first detectable after 4 to 6 minutes. No further increase in VSFG 

signal intensity was observed after 14 to 16 minutes, suggesting that the surface is fully 

saturated with MeOH or MHS molecules.  

There are three vibrational modes observed in the CH region of the aqueous methanol 

VSFG spectrum in Figure 4.1e, the νCH3
-ss at 2843 cm-1, and two Fermi resonances (FR) 

at 2925 cm-1 and 2953 cm-1, in agreement with previous VSFG studies.49,79,80 The 

observed peak positions change with changing SA concentration due to speciation 

(MeOH, MeOH2
+, MHS). The peak positions in each SA solution are found in Table 4.1. 

For each of the four sulfuric acid concentrations investigated (Figure 4.1a-d), no shifts 

from the initial peak positions are observed during the flow experiments. However, there 

are differences in peak positions between SA solutions, as is seen in Figure 4.1 (a-e). The 

peak positions shift to higher wavenumber with increasing SA concentration. Again, in 

aqueous solution the methanol νCH3
-ss and FR are found at 2843 and 2954 cm-1, 

respectively. These two peaks are centered at the same positions in 0.78 M NH4HSO4. 

This lack of shift in alcohol peak position from water to ammonium bisulfate has also 

been observed for butanol and hexanol.81 In the four SA solutions investigated, the two 

peaks blueshift from the positions in water by 9 and 18 cm-1. These shifts indicate that 

new methyl species must be present in more concentrated SA. In our previous 

investigation, the VSFG spectrum of protonated methanol, CH3OH2
+, showed a shift in 

the νCH3
-ss to 2851 cm-1,42 consistent with the shift observed here from 0 wt% (water) to 

42.2 wt% SA. In the more concentrated SA solutions, methanol and sulfuric acid are also 

reacting to form methyl sulfate. This is observed as an increase in intensity of the peak 

observed at 2972 cm-1, attributed to the νCH3
-ss of MHS.75 The spectrum in 96.5 wt% SA 

is in agreement with our previous investigation of the formation of methyl sulfate in 

concentrated SA.42  
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Because the peak positions in Figure 4.1(a-d) are not changing during each flow 

experiment, the reaction between methanol and sulfuric acid is occurring under the 

spectral acquisition time of 60 seconds at the air-liquid interface. The first detectable 

signal occurs in the 4-minute spectrum (3-4 minute spectrum, 60 second signal 

accumulation), and using an estimated diffusion coefficient of 1 x 10-6 cm2/s (see Chapter 

3) for methanol, MeOH can travel a total of 200 nm into the bulk solution. During this 

time, it may be possible for a reaction to occur in the bulk (up to 100 nm depth), and the 

reacted species to return to the surface. However, if the reaction was occurring on a 

similar time scale as our signal collection, we would observe broadening and blue 

shifting of the peaks relative to those of methanol. This is not observed. Therefore, the 

reaction of MeOH is occurring at the SA solution surface. 

The relative peak intensities in Figure 4.1(a-d) also change with increasing SA 

concentration.  The relative peak intensities are noticeably different for the water, 

NH4HSO4, and 42.2 wt% SA solutions from the more concentrated SA solutions. In the 

water, NH4HSO4, and 42.2 wt% SA solution spectra in Figure 4.1e, the peaks at 2843 and 

2955 cm-1 have similar intensities, consistent with the VSFG spectra of methanol in 

water49,79,80 and in HCl.42 In the more concentrated solutions, the peak present at 2970 

cm-1 is more intense than the one at 2854 cm-1 again confirming that the surface methyl 

species is changed from MeOH to MeOH2
+ and MHS. This reversal in relative intensities 

was previously noted for methyl sulfate in 96.5 wt% SA.42,44  

 

Raman experiments 

The complementary flow experiments monitoring the uptake of methanol or methyl 

sulfate into the SA solutions were performed using Raman spectroscopy. The Raman 

spectra were collected as one-minute acquisitions every ten minutes during the uptake 

experiments. The spectra showing the uptake of methanol into the SA solutions are 

shown in Figure 4.2 (a-e). The uptake of methanol into water was monitored by the 

appearance of the νCO at 1020 cm-1, Figure 4.2b. The appearance of the νOSO-ss at 790 

cm-1 was monitored for the appearance of MHS in 96.5 wt% SA, Figure 4.2a. Because of 

the overlap of SA peaks with the MeOH C-O stretch, the uptake of MeOH into 39.2, 
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61.1, and 79.7 wt% SA was monitored in the CH stretching region (2700-3100 cm-1) 

where no SA peaks are observed, Figure 4.2 (c-e). It is important to note that the peaks 

appear at much later times in the Raman spectra than in the SFG experiments. The SFG 

experiments were conducted on a time scale of minutes while the Raman experiments 

were done over several hours. Unlike for the surface-uptake experiments, the peak 

intensities in the bulk solutions continued to increase. 

As in the surface uptake experiments, the peak positions in each solvent do not shift 

with time, Figure 4.2, suggesting that the methyl species present in each solvent do not 

appear to change during the course of the experiments. From the SFG experiments, it 

appears that the reaction is occurring at the interface and then the surfaces species must 

diffuse into the bulk. (Details of methanol diffusion experiments are found in Chapter 5). 

The peak shifts and changes in relative intensities are the same as those observed in the 

SFG experiments. This indicates that the species present in each solution are the same at 

the air-liquid interface and in bulk solution. 

 

Protonation versus Reaction 

The degree of protonation and esterification of methanol in 47.1 to 68.3 wt% SA were 

calculated using a pKBH+ of -2.05.82 (After the work presented in Chapter 1 was 

published, it came to our attention that a pKa of -4.86 is much lower than the typical 

values expected for alcohols. The experiments presented in reference 82, with pKa’s of 

~2 are more accepted in the organic chemistry community. However, the value of -4.86 

for MeOH2
+ is still found in the literature.) To calculate the extent of MHS formation in 

47.1 to 68.3 wt% SA solutions at equilibrium, values for Keq were determined by plotting 

the known values of Keq
54 as a function of wt% SA. In the Raman spectra of equilibrium 

mixtures of methanol in 47.1 to 68.3 wt% SA presented in Figure 4.3a, the formation of 

methyl sulfate is detected by the appearance of the νOSO-ss at 790 cm-1. Figure 4.3b 

shows the νOSO-ss region expanded to better determine the first appearance of νOSO-ss. 

Mass balance calculations indicate that in 47.1 wt% SA there is 11 % methyl sulfate, 

Table 4.2. In 51.4 wt% SA, 13.6 % of the methyl species is MHS. Since the νOSO-ss is not 

easily visible in the 47.1 wt% SA solution, the detection limit of MHS using Raman 
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spectroscopy is determined to be 11-14.2%.  

It is also of interest to examine any changes in the CH stretching region that occur with 

increasing wt% SA and methyl sulfate formation, Figure 4.3c. With increasing wt % SA 

(and increasing methyl sulfate formation), the MeOH νCH3
-ss at 2850 cm-1 decreases in 

intensity. The decrease in intensity (23%) of the 2850 cm-1 peak from the 47.1 wt% 

solution to the 68.3 wt% SA solution is consistent with the observed decrease in MeOH 

fraction. With increasing MHS formation, the peaks in the CH stretching region shift to 

higher wavenumber, Figure 4.2 (c-e). The increase in intensity in the peaks observed at 

2970 and 3015 cm-1 is due to the appearance of the MHS νCH3
-ss attributed to the 

increase in MHS concentration, with a MHS νCH3
-ss centered at 2970 cm-1. These 

findings suggest that in atmospheric aerosols containing 60+ wt% SA, 20% of the 

methanol that adsorbs to the surface will be transformed into the much less volatile 

species, MHS. Only fresh, highly acidic aerosols will be expected to experience aerosol 

growth from the uptake of methanol.  

 

Conclusions 

In this study, the uptake of methanol both at the surface of and into water and sulfuric 

acid solutions was observed directly using VSFG and Raman spectroscopies. The surface 

spectra remain unchanged on the timescale of the uptake experiments. Contributions from 

MeOH, MeOH2
+, and MHS are observed at the intermediate SA concentrations at the 

surface and in the bulk. Uptake of methanol by SA solutions is limited by diffusion of the 

methyl species into the solutions. Surface saturation occurs, and for high SA 

concentrations, the reaction between methanol and sulfuric acid takes place at the air-

liquid interface. 
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SFG Raman 

 

MeOH 
νCH3

-ss   
and MHS 

FR 

(cm-1) 

MeOH FR 
and MHS 

νCH3
-ss 

(cm-1) 

 

MeOH 
νCH3

-ss   
and MHS 

FR 

(cm-1) 

MeOH FR 
and MHS 

νCH3
-ss 

(cm-1) 

96.5 wt% 2858 2972    

80.5 wt% 2854 2967 79.7 wt% 2855 2969 

57.2 wt% 2851 2960 61.6 wt% 2856 2961 

42.2 wt% 2846 2957 39.2 wt% 2851 2959 

0 wt% 
(Water) 2843 2954    

0.78 M 
NH4HSO4 

2843 2954    

 

 

Table 4.1. Observed peak positions for two peaks in the SFG ssp spectra and Raman 

spectra.
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wt % SA % MeOH % MeOH2
+ % MeOSO3-/MeOSO3H 

47.1 76.2 12.4 11.4 
51.4 70.8 14.9 14.2 
54.5 66.9 17.1 16.0 
58.4 62.0 20.3 17.8 
61.5 58.1 23.0 19.0 
64.7 54.1 26.1 19.8 
68.3 49.6 29.9 20.4 

 

 

Table 4.2. The calculated equilibrium distribution of methyl species in 47.1 – 68.3 wt% 

SA solutions. 
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Figure 4.1. VSFG spectra of the uptake of methanol at the surface of 42.2 to 96.5 wt% 

SA solutions. (a) – (d) Changes in the air-liquid interface spectra with time. (e) The 

spectra of the solution air-liquid interfaces after the experiment with the cell lid removed. 

The spectra are offset for easier viewing. 
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Figure 4.1. Continued 
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Figure 4.2. Raman spectra of the uptake of methanol into sulfuric acid solutions. The 

uptake is observed by (a) the appearance of the νOSO-ss of MHS at 790 cm-1, (b) the 

appearance of the νCO of MeOH at 1020 cm-1, and (c-e) the appearance of peaks in the 

CH3 stretching region. Figures (b-e) are offset for easier viewing. 
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Figure 4.3. Raman spectra of methanol-SA mixtures at equilibrium in (a) the 400-1400 

cm-1 region. In (b) the 700 – 850 cm-1 region is enlarged to highlight the appearance of 

νO-S-O-ss. In (c) the CH stretching region (2800-3050 cm-1) is shown. 
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CHAPTER 5 

 

DIFFUSION COEFFICIENTS OF METHANOL INTO SULFURIC ACID 

SOLUTIONS MEASURED BY RAMAN SPECTROSCOPY 

 

Introduction 

The diffusion of volatile species into atmospheric aerosols containing sulfuric acid 

(SA) is an important part of chemical processing that occurs in the atmosphere. The rate 

of uptake and solubility of gaseous species are parameters that require consideration in 

aerosol chemistry.83 Slower diffusion will limit the uptake of reactants from the aerosol 

surface to the bulk, reducing the scavenging ability of the aerosol.84 

Currently, there are few measured diffusion coefficients for species of atmospheric 

importance into sulfuric acid solutions.84-86 In this chapter we present diffusion 

coefficients for methanol in 0 – 96.5 wt% sulfuric acid solutions obtained using Raman 

spectroscopy. The measurements were done by continually flowing methanol vapor in 

N2(g) over the solution, keeping the surface concentration constant. The viability of the 

method was confirmed by measuring the diffusion coefficient of methanol into water and 

comparing the result with values found in the literature. While the experiments presented 

here are performed at 295 K, the experimental design will lend itself to colder 

temperatures, allowing diffusion coefficients to be determined at tropospheric and 

stratospheric temperatures. 
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Experimental Section 

Chemicals 

Methanol (HPLC Grade, Fisher Scientific), sulfuric acid (redistilled, 96.5wt%, GFS), 

and nitrogen gas (N.F. standard) were used as received. Deionized water was obtained 

from a Millipore Nanopure system (18.1-18.2 MΩ•cm). 

The SA solutions were prepared by diluting 96.5 wt% SA with deionized water. The 

concentrations were determined by titration with a standardized sodium hydroxide 

solution to ± 0.1 wt%. The concentrations used in the Raman uptake experiments were 

(79.3 ± 0.3) wt%, (61.6 ± 0.1) wt%, and (39.2 ± 0.1) wt%. 

A Thermo Nicolet FTIR spectrometer (Avatar 370, Thermo Electron Corporation) was 

employed to determine the concentration of methanol in the flow experiments. The 

N2/MeOH mixture flowed at 25 standard cubic centimeters per minute (SCCM) into an 

open-ended cell placed in the FTIR sample compartment. Spectra were collected with a 

spectral resolution of 4 cm-1 and 200 scans. A background spectrum was taken and 

subtracted from each sample spectrum. The concentration of methanol was determined by 

FTIR using the absorbance of the νCO-ss at 1052 cm-1.87 The concentration, c, with a N2 

flow rate of 25 SCCM was determined to be to be (1.3 ± 0.1) x 1017 molecules/cm3. 

Experimental setup 

The experimental setup used is shown in Figure 5-1. The cell contains a space for a 

petri dish filled with the appropriate solution. The dish has a surface area of 19.63 cm2. 

Nitrogen is bubbled into methanol at a flow rate of 25 SCCM (Mass Flow Controller 

1479A51CS1BM, powered by PRF4000-F2VIN, MKS Instruments).The N2/MeOH flows 

into the cell above the solution surface. An exit valve is located across the cell from the 

inlet. The flow is constant for the duration of the experiment. 

The Raman probe is inserted in the side of the cell and rests against the dish wall. By 

rotating the probe in its holder, the probe depth is varied. In these experiments, the probe 

depths varied between 1.5 mm and 8.5 mm below the surface. The majority of the 

experiments were conducted at a probe depth of 3.5 mm. 

Raman spectra were obtained using 150 mW from a 785 nm continuous wave laser 

(Raman Systems Inc.) The backscattered light was collected by a fiber optic probe 
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(InPhotonics) coupled to the entrance slit of a 500 mm monochromator (Acton Research, 

SpectraPro 500i), using a 600 groove/mm grating blazed at 1 µm. The slit width was set 

at 50 µm and the bandpass was 4 cm-1 for the SA solution experiments. The slit width 

was set at 100 µm and the bandpass was 5.5 cm-1 for the water experiments. Spectra were 

acquired every ten minutes as the average of three thirty-second spectra. 

Recently, methods developed with Raman spectroscopy have been used to determine 

diffusion coefficients.88 By using a vibrational mode that is unique to the diffusing 

species, its concentration can be followed as a function of time and the diffusion 

coefficient can be obtained. Peaks that had minimal overlap with sulfate vibrational 

modes were used. The uptake of MeOH into water was monitored using the C-O 

symmetric stretch present at 1020 cm-1. The uptake of MeOH into 96.5 wt% SA was 

monitored using the O-S-O symmetric stretch present at 800 cm-1. Due to overlapping of 

sulfate modes with the CO stretch of MeOH, the CH3 stretching region (2800 and 3200 

cm-1) was used to monitor the uptake of MeOH into 39.2 to 79.3 wt% SA solutions.  

Methanol vapor is passed over the solution in a carrier gas, N2. Previously, we 

investigated the uptake of methanol at the surface of SA solutions by sum frequency 

generation spectroscopy.87 Saturation of the surface spectra was observed after fifteen 

minutes of methanol flow. By flowing methanol into the cell during the entire 

experiment, the surface concentration remains constant, ensuring that gas-phase diffusion 

is not a limiting factor. Tests were done using different N2 flow rates (25 – 100 SCCM) to 

confirm that the liquid-phase diffusion was independent of the gas flow rate. 

In the uptake experiments, spectra were collected as the average of three 30-second 

exposures every ten minutes for several hours with a liquid nitrogen-cooled CCD camera 

(Roper Scientific, LN400EB, 1340 x 400 pixel array, back-illuminated and deep 

depletion CCD). The laser shutter is controlled electronically (Princeton Instruments, ST-

133 Controller) to only open during collection to prevent sample heating during the 

experiment. Calibration of the CCD camera was completed using the 435.833 nm line 

from a fluorescent lamp. Acquiring a spectrum of crystalline naphthalene and comparing 

the experimental peak positions with the accepted literature values completed calibration 

of the wavenumber position for each set of experiments.51 The diffusion into water 
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experiments were conducted at (24 ± 1 °C) and the SA experiments were conducted at 

room temperature (23 ± 2 °C). 

 

Spectra are fit using the software package IgorPro 4.05. To determine the peak areas, 

the spectra are fit with Voigt line shapes using the IgorPro multipeak fitting function with 

the baseline subtraction enabled. Care was taken to keep the Voigt shape similar in each 

fitting routine.  

 

Results and Discussion 

To date, only a few reports of measured diffusion coefficients for atmospherically 

relevant species in sulfuric acid solutions are found in the literature.84-86 These values are 

necessary for understanding the processing of atmospherically relevant chemical species 

by aerosols. By choosing the correct solution to Fick’s second law for the experimental 

setup the diffusion coefficient can be extracted by fitting concentration versus time data. 

Fick’s second law, equation 5.1, relates the change in concentration, c, as a function of 

time, t to the changing concentration gradient, ∂c/∂z. They are related through D, the 

diffusion coefficient (cm2/s).  
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For the experimental setup used in these experiments (diffusion into a finite slab) the 

boundary conditions are: 

2. c=0 for 0<z<L 

3. c=c0 for z=0 

4. ∂c/∂z=0 at z=L 

5. z=L for t>0 

With these boundary conditions, the solution to equation 5.1 for the experiments 

presented in this chapter is that for one-dimensional diffusion into a finite slab with one 

open boundary, equation 5.2.89,90 
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In equation 5.2, c is the concentration, c0 is the surface concentration, ν is an integer, L 

is the solution thickness (cm), and x is the probe position beneath the surface (cm), and t 

is time (seconds). D is assumed to be independent of concentration. It was determined 

that six terms were required to fit the data properly (ν=6). (The peak area versus time 

data was also fit with ten terms with no improvement in the fit.)  

Raman spectroscopy is a quantitative method so the solute concentration is 

proportional to the measured peak area. Therefore, peak area was used to avoid additional 

error being introduced by the conversion to concentration. The peak area versus time data 

was fit with equation 5.3, where A is the peak area and A0 is the surface peak area, and 

six terms were used. 
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The derivation of equation 5.2 is found in Appendix B. The user-defined fitting 

function used to extract the diffusion coefficients from the area versus time data is also 

found in Appendix B. In the fitting, the function requires user input for the following 

parameters: the diffusion coefficient, D, the surface peak area, the probe depth (held 

constant), and the solution thickness (held constant). Ideally, the peak used in the analysis 

would not have interference from solvent peaks. To minimize the error in the measured 

peak area, the most intense peak for MeOH or MHS was used. The methyl species 

present in the solution have several Raman-active vibrational modes and so it was 

necessary to confirm that for a given experiment, using different peaks did not result in 

different values for the diffusion coefficient. In all experiments, the most intense peak 

available was used. 

Different probe depths were tested for both the diffusion of MeOH into water and into 

96.5 wt% SA. Figure 5.2 shows the fitted diffusion curves of MeOH into water for two 

different probe positions x=0.35 and x=0.63 cm. The diffusion curves with fits are also 

shown for both the nCO-ss and nCH3-as peaks monitored at a probe depth of 0.35 cm in 

Figure 5-2. The values of D obtained with the two different peaks agree with each other. 

(DCO = (6±1) x 10-6 cm2/s and DCH3
 = (5.1±0.8) x 10-6 cm2/s) The value for D with a 

deeper probe depth (x=0.63 cm) is larger (D = (10±2) x 10-6 cm2/s) than at a probe depth 
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of x = 0.35 cm, although the reason for this is not clear. 

The three variables, L, x, and t were tested to determine the limits on the measured 

value for D. Varying the value of the solution thickness, L, by ± 3 mm changed the value 

of D by less than 2.5%. However, changing the probe depth, x, by ± 1 mm resulted in a 

difference in D of 45–80%. If the probe depth is incorrect by ± 0.5mm then the 

introduced error is 27-34%. Changing the start time of the experiment by ± 10 min 

changed the value of D by 11-15%. However, because the acquisition times were 

controlled electronically, this is an unlikely problem. The measurement of the position of 

the probe is the most likely determinate error in these experiments. 

Before measuring the diffusion coefficients of methanol in sulfuric acid solutions it was 

necessary to test the validity of the method. The diffusion of methanol into water has 

previously been studied so it was chosen as a comparison system. The plot of increasing 

peak area with time is shown in Figure 5.2. The diffusion coefficient of MeOH in water 

measured using the Taylor dispersion technique91,92 at 30 °C is 1.83 x 10-5 cm2/s 92 to 

(1.62 ± 0.02) x 10-5 cm2/s.91 Using ultrasound and capillary-cell techniques,93 the 

experimentally determined value at 288 K is 1.26 x 10-5 cm2/s.  In this study, at 295 K we 

obtain a value for D of (0.7 ± 0.2) x 10-5 cm2/s at 24 °C, Table 5.1. The value measured in 

this study agrees with the known literature values, suggesting that this method can be 

used to obtain reliable diffusion coefficients. The values obtained for D for methyl 

species into 39.2 to 96.5 wt% SA solutions are found in Table 5.1 and the uptake plots 

are shown in Figure 5.3 a-d. The coefficients range from (1 to 2.7) x 10-6 cm2/s with a 

maximum value for the diffusion into 61.6 wt% SA solution. The values obtained for the 

diffusion coefficient into SA solutions are a factor of ten smaller than the diffusion of 

MeOH into H2O. 

As was previously mentioned, there are very few measured diffusion coefficients with 

sulfuric acid as the solvent. Instead, D is often estimated using a method such as the 

Wilke-Chang estimation method,93 equation 5.4. 

η
CTD =          (5.4) 
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In the above equation C is a constant, T is the temperature (K) and η is the viscosity of 

the solvent. The values calculated from equation 5.4 for viscosity of the SA solutions are 

found in Table 5.1. The constant C is related to the molecular weight of the solvent, MB, 

the molar volume of the solute, VA, and an association factor, φ, equation 5.5. 
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The diffusion coefficients measured in this study do not appear to decrease with 

increasing SA wt%, as would be expected according to equation 5.4. Indeed, the largest 

value for D among the SA solutions is for 61.6 wt% SA and not for 39.2 wt% SA as 

would be predicted with equation 5.4. Deviations from the Wilke-Chang method have 

also been observed by others for viscous solvents.93 For example, the diffusion 

coefficients for CO2 into various solvents remained nearly constant for a range of 

viscosities (1-27 cP). All the SA solutions used here fall within this range of viscosities 

and so perhaps this result is to be expected. There is very little data in the literature to 

compare with, but a study by Kleno et al84 using a pulsed gradient spin-echo NMR 

technique did find that the diffusion coefficients of dimethyl sulfoxide and dimethyl 

sulfone decreased with increasing SA concentration as predicted by equation 5.4. 

Methanol is both protonated by SA to form MeOH2
+ and can react with SA to form 

MHS in the SA solutions investigated here.42,52-54 The speciation of methanol in these 

different SA solutions may be affecting the observed diffusion coefficients. In water, the 

methanol is present as MeOH. In concentrated acid, the conversion to MHS is (95± 5) %,42 

so the experiment is in fact measuring the diffusion coefficient of MHS into 96.5 wt% 

SA, and not MeOH into 96.5 wt% SA. In 39.2 wt% to 79.3 wt% SA, three species, 

MeOH, MeOH2
+, and MHS are present in the solutions, Table 5.2. To determine the 

speciation in 39.2 wt% to 79.3 wt%, a pKBH+ of –2.0582 was used with the acidity 

functions measured for alcohols, HROH.94 The equilibrium constants used are based on 

those found in the literature.54 Previous work87 studying the uptake of MeOH at the 

surface of and into SA solutions showed a blueshift in peak positions with increasing 

wt% SA indicating that the methyl species change with SA concentration. The different 
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species may diffuse in at different rates, resulting in no apparent dependence of the 

diffusion coefficient, D, on the viscosity.  

The speciation of sulfuric acid in the different solutions may be affecting the observed 

diffusion of the methanol species. In SA solutions greater than 80 wt%, ionization is 

suppressed due to insufficient water concentration62 and the dominant species is H2SO4. 

Therefore, the 96.5 wt% SA solution is uncharged (or only very weakly charged) and 

molecular interactions will be weak (van der Waals interactions).62 Below 80 wt% SA, 

SA is fully dissociated into (H3O+)(HSO4
-)95 and ionic interactions become important.62 

Based on the second dissociation constants for the three different SA solutions95,96 HSO4
- 

will be further dissociated to (H3O+)(SO4
2-). In 39.2 wt% SA, 40% of the sulfate species 

are SO4
2- while in 79.3 wt% SA, ~ 9% of the sulfate species are present as SO4

2-. (These 

values are higher than would be expected simply using the dissociation constant of 10-2 

since the activities for HSO4
-, SO4

2-, and H2O must be considered).95 The different sulfate 

species may interact differently with the different methyl species diffusing into the 

solutions. Referring to Table 5.2, methanol is present as uncharged (MeOH, MHS) and 

charged (MeOH2
+ and possibly MHS-) species. The interactions between the charged 

species and the SA solutions may be different from that between the neutral species and 

the SA solutions. The different interactions between solute and solvent species could be 

affecting the observed diffusion coefficients. Clearly, more work needs to be done to 

understand these systems. From these results, it appears that estimations of D based 

solely on the viscosity of the solvent may not be accurate for compounds such as alcohols 

that can undergo protonation or reaction in very acidic solutions. 

 

Conclusions 

Raman spectroscopy offers a straightforward method for obtaining diffusion 

coefficients. These are necessary for understanding the chemical processing of volatile 

organic compounds by atmospheric aerosols in the upper troposphere and lower 

stratosphere. A value of (0.7 ± 0.2) x 10-5 cm2/s at 23 °C was obtained for methanol into 

water, in agreement with values found in the literature. However, the function is not 

fitting the curve properly. Further work will correct this problem. Values for D were also 
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measured for 39.2 to 96.5 wt% SA solutions. The values do not appear to depend on the 

viscosity of the SA solutions, indicating that speciation of both methanol and sulfuric 

acid may be important. This result has important consequences for uptake studies of 

organics into acidic solutions that rely on empirically calculated diffusion coefficients. 
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Solution H2O:SA 
Viscosity  

(η, cP) 

Estimate of  D  

(cm2/s)  

(x 10-6) 

Measured D  

(cm2/s) 

(x 10-6) 

0 wt% 

(Water) 
 

0.890 (298 

K)97 

 
7 ± 2 

39.2 

wt% 
8.4 2.4 (295 K)98 

4.5 
1.2 ± 0.2 

61.6 

wt% 
3.4 6.0(295 K) 98 

1.8 
2.8 ± 0.5 

79.3 

wt% 
1.4 18.6(295 K)98 

0.58 
1.0 ± 0.1 

96.5 

wt% 
0.2 22-2399 

0.49 
1.0 ± 0.8 

 

 

Table 5.1. Measured diffusion coefficients for MeOH into SA solutions and the 

viscosities of the different SA solutions used in this study. The error on the measured 

values of D is the larger of either the propagated error or the standard deviation.
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Wt% 

SA 
MeOH MeOH2

+ MHS 

0 100   

39.2 85.5 8.5 6.0 

61.6 57.7 22.9 19.3 

79.3 36.2 43.0 20.8 

96.5   
~ 

100 

 
 
 
Table 5.2. Distribution of methyl species (fraction of MeOH, MeOH2

+, and MHS) in the 
SA solutions.
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Figure 5.1. Setup used for the diffusion experiments. 
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Figure 5.2. Peak area (A.U.) versus time (seconds) for methanol diffusion into water. 

The squares (■)are the fit using the νCH3
-as centered at 2970 cm-1 with a probe depth was 

0.35 cm; the circles (●) are fit using the νCO-ss at 1020 cm-1 with a probe depth of 0.35 

cm; and the triangles ( ) are fit using the νCO-ss at 1020 cm-1 with a probe depth of 0.63 

cm. 
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Figure 5.3. Peak area versus time (seconds) for the diffusion of MeOH into SA (a) 39.2 

wt%, (b) 61.6 wt%, (c) 79.3 wt%, and (d) 96.5 wt% SA solutions 
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CHAPTER 6 

 

STRUCTURE OF BUTANOL AND HEXANOL AT AQUEOUS, AMMONIUM 

BISULFATE, AND SULFURIC ACID SOLUTION SURFACES 

 

Introduction 

It has long been known that long-chain surfactants are able to form monolayers at the 

surface of water.100,101 However, the ordering of shorter, more soluble alcohols such as 

butanol and hexanol at the surface of aqueous-alcohol mixtures is not yet well 

understood.80,102 Inorganic species such as sulfuric acid and ammonium sulfate salts have 

also long been known to be the predominant fraction of tropospheric aerosols.35 At the 

surface of acidic solutions, the orientation of short-chained organics is even more poorly 

characterized.60,102 The structure of the short-chain surfactant layer is likely to be 

important in the ability of the underlying aqueous solvent to absorb gas phase 

compounds. Monte Carlo simulations found that the hexanol hydroxyl groups hydrogen 

bond with water molecules at the 1-hexanol-water interface.103 Packing of the hexanol 

molecules allowed for minimal water penetration into the alkyl chain region suggesting 

that hexanol impedes the evaporation of water from the bulk. A configurational bias 

Monte Carlo simulation of 1-butanol on water showed that the butanol monolayer has an 

excess of surface hydrogen bond acceptor sites in the subsurface layer.104  

Recent molecular beam experiments showed that the presence of butanol films does not 

impede the evaporation of water from sulfuric acid solutions.105 The uptake of HCl and 

HBr gases is enhanced with the butanol hydroxyl groups providing basic sites available 

for protonation by the acids.106 However, the evaporation of H2O from 56 wt% to 60 wt% 

D2SO4 is impeded by the presence of a hexanol film. The hexanol film also raises 
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the entry probability of HCl and HBr into 60 wt% D2SO4.102 In another study, the 

presence of millimolar hexanoic acid concentrations reduced the uptake of N2O5 by 

artificial seawater by a factor of 3 to 4.107 These results suggest that there are differences 

in the surface structure of butanol and hexanol solutions. 

In this chapter, the organization of butanol and hexanol molecules at the air-liquid 

interface of aqueous, aqueous ammonium bisulfate, and sulfuric acid solutions was 

investigated using vibrational sum frequency generation (VSFG) spectroscopy. After 

providing a brief overview of VSFG theory, experimental details including fitting 

procedures are presented, and then in the Results section, VSFG spectral assignments are 

provided. (Spectral fits are shown in Appendix A.) The Discussion section presents the 

interpretation of the spectra in terms of organization at the surface beginning with neat 

alcohol comparisons. 

Chemical abbreviations used in this chapter are BuOH (butanol), HexOH (hexanol), 

and SA (sulfuric acid). In addition, vibrational sum frequency generation (VSFG), broad 

bandwidth sum frequency generation (BBSFG), symmetric stretch (ss), and asymmetric 

stretch (as) are used. 

 

Experimental 

BBSFG Instrumentation and Experimental Details 

The spectral window of the IR pulse is ~ 450 cm-1 in the C-H stretching region for 

these experiments. The energy of the 800 nm beam used was 160-165 µJ, and the IR 

energy in the C-H stretching region was 5.2-5.6 µJ at the sample. Three polarization 

combinations were used in this chapter: 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 polarization of the 800 

nm beam is determined by rotation of a zero-order waveplate. By rotation of a MgF2 

Berek’s compensator, the desired IR beam polarization is determined. A glan polarizer in 

the SFG detection line selects the SFG polarization. 

The ssp-polarized spectra were obtained with a 2-minute acquisition time. The ppp and 

sps spectra used 5-minute acquisition times. For comparison of the different polarization 

spectra, the ssp spectra were multiplied by a factor of 5/2. For each solution and 
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polarization combination, three spectra were obtained. Three background spectra were 

also obtained by changing the timing of the 800 nm beam. The final spectra shown in this 

thesis are the average of the three spectra with the average of three background spectra 

subtracted. The VSFG spectrum is normalized against a smoothed nonresonant VSFG 

spectrum from a GaAs crystal to remove any structure present in the IR pulse profile.  

 

Spectral Fitting 

The number of peaks fit corresponds to the number of vibrational modes expected to be 

SFG-active. The inclusion of a component peak due to the presence of water in the 

interfacial region was tested in the spectral fitting of the water and NH4HSO4 solutions 

and included if it improved the overall fit. Attempts were also made for the butanol in 

water solutions to include contributions from the asymmetric CH2 and CH3 modes to the 

ssp spectra. Further details and examples of the spectral fits are found in Appendix A. 

 

The average orientation of the terminal methyl group for butanol, θCH3
, and the average 

chain tilt, α, of the surface butanol molecules when assuming an all-trans conformation 

were calculated. θCH3 is calculated from the ratio of the square roots of the intensity of the 

CH3-ss in the ssp and ppp polarization spectra.44,108 The obtained ratio is related to the 

orientation angle, θCH3
, as shown in equation 6.1. 
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where  
23coscos)( θθθ cR −=       (6.2) 

The parameters d and c are defined using the Fresnel coefficients, the 

hyperpolarizability ratio, the molecular hyperpolarizability and the related Euler angle 

transformations109,110 as derived in Wang et al.108,111,112 

 

The variable input parameters used in this study (SF, IR, visible beam angles, 
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depolarization ratio, indices of refraction) and an example calculated plot of 
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sspss
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−  

versus θ are available in Appendix A. The calculated average orientation angles for neat 

butanol and the butanol solutions are also found in the Appendix A. It is assumed that the 

CH3 group has C3v symmetry, that the surface is isotropic, and that the orientation angle 

distribution is a δ function.109,110 The average orientation angle of the methyl group in 

neat butanol is the largest at θCH3
 = 57°. The various butanol solutions have methyl 

orientation angles ranging from 39.5° to 48.5°. Using the orientation angle of the methyl 

group, and an angle of 109° between the CH2 carbons in the chain, the average tilt angle 

of the butanol chains is calculated110,113 to be 4° to 13° from the surface normal using 

equation 6.3.  

3
5.35 CHθα −=         (6.3) 

 

Chemicals 

1-Butanol (HPLC grade, Fisher Scientific), hexyl alcohol (98%, Acros Organics), 

sulfuric acid (redistilled, 95.6wt%, GFS), and ammonium hydrogensulfate (98%, 

Aldrich) were used as received. Deionized water was obtained from a Millipore 

Nanopure system (18.1-18.2 MΩ•cm). 

The 59.5 wt% sulfuric acid solution was prepared by diluting 95.6 wt% sulfuric acid 

with deionized water. The concentration was determined by titration with a standardized 

sodium hydroxide solution to ± 0.1 wt%. The ammonium bisulfate solution was prepared 

by dissolving the salt in deionized water and filtering two times through a carbon filter 

(Carbon-Cap 75, Whatman). The concentration (0.78 ± 0.1 M) was determined 

spectroscopically using the sulfate vibrational mode at 985 cm-1. The butanol and hexanol 

solution concentrations used in this study were chosen to reflect different surface excess 

conditions.114 The concentrations and their respective uncertainty used in this study were 

(0.50 ± 0.02) M, (0.0179 ± 0.003) M, and (0.052 ± 0.002) M BuOH and (0.050 ± 0.002) 

M, (0.045 ±0.002) M, (0.0099 ±0.0003) M, and (0.0051 ±0.0001) M HexOH.   
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Results  

While the VSFG spectra of neat alcohols108,111,112 are found in the literature, much less 

work has been done to understand the surface structure of aqueous alcohol solutions. 

Recently the air-liquid interface of aqueous mixtures of methanol, ethanol, and propanol 

were investigated with VSFG.49,79,80 The air-liquid interfaces of the longer, but still 

miscible alcohols (C4, C6) in aqueous, ammonium bisulfate, and sulfuric acid solutions 

are the focus of this study.  

The butanol and hexanol solution concentrations correspond to three different regions 

of the surface excess curves of 1-butanol in water and 61.5 wt% sulfuric acid solution, 

and 1-hexanol in 61.5 wt% sulfuric acid solution.114 The lowest concentrations 

correspond to a region of low surface excess, far from full surface coverage. The 

intermediate concentrations correspond to the region where the surface excess is 

beginning to level off, slightly less than full surface coverage. The greatest concentrations 

correspond to the region where the surface excess is constant, full surface coverage. 

When increasing from the lowest to the highest concentrations used in these studies, the 

surface excesses of butanol and hexanol double. All concentrations used in this study 

were below the solubility limits of the alcohols in water: 115 g/L for 1-butanol and 7.9 

g/L for 1-hexanol.115 

Prior to obtaining the VSFG spectra of the 1-alcohol solution mixtures, the spectra of 

the neat alcohols were investigated. The neat 1-butanol ssp spectrum, shown in Figure 6.1 

(a,b), is fit with four component peaks:108 the CH2-ss at 2846 cm-1, the CH3-ss at 2877 

cm-1, the CH2-FR at 2908 cm-1, and the CH3-FR at 2941 cm-1.  

The neat 1-hexanol ssp spectrum, shown in Figure 6.1 (f, g), is fit with six component 

peaks:108 the CH2-ss at 2856 cm-1, the CH3-ss at 2878 cm-1, three CH2 Fermi resonances 

at 2903, 2922, and 2947 cm-1, and the CH3-FR at 2939 cm-1. 

The ppp and sps polarization spectra of both neat butanol and neat hexanol are shown 

in Figure 6.1 (b,g). The ppp spectra are fit with three component peaks: the CH3-ss, the 

CH2-as, and the CH3-as. The sps spectra are fit with two component peaks: the CH2-as 

and the CH3-as. The spectra of neat 1-butanol and neat 1-hexanol in this study are 

consistent with those found in the literature.108,111 
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The VSFG spectra of butanol in water, aqueous ammonium bisulfate, and SA shown in 

Figures 6.1-6.3 possess four, three and two component peaks for the ssp, ppp, and the sps 

spectra respectively, excluding addition of a broad band attributed to OH stretching of 

water in the aqueous butanol spectra. For the VSFG spectra of hexanol in water, aqueous 

ammonium bisulfate, and SA (also shown in Figures 6.1-6.3), assignments revealed six, 

three and two component peaks for the ssp, ppp, and the sps spectra respectively. Only 

the aqueous hexanol solutions included the broad water band, similar to the aqueous 

butanol solutions. In general, the assignments follow the neat butanol and neat hexanol 

assignments discussed above. (Peak positions, assignments, and example fits are shown 

in the Appendix A.) Of major importance here are the CH2-ss and the CH3-ss denoted by 

the first two dashed lines in Figures 6.1-6.3 (b-e and g-j).   

 

Discussion 

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

and 59.5 wt% SA butanol and hexanol solution surfaces are shown in Figures 6.1-6.3. 

From left to right denoted by dashed lines for Figures 6.1-6.3 (b-e) and Figures 6.1-6.3 

(g-j) are the CH2-ss, the CH3-ss, the CH3-FR, and the CH3-as, respectively. The CH3-ss 

peak intensity goes through a maximum in the VSFG spectra for the butanol and hexanol 

solutions that does not correspond with increasing bulk concentration (or surface excess). 

Previous studies of short-chain alcohols (C1-C3)49,80 have shown that the CH3-ss passes 

through a maximum at a concentration below the solubility limit, as is observed here. 

This phenomenon is indicative of organization and orientation differences of the different 

solution concentrations. For the aqueous solutions (Figure 6.1), the butanol ssp VSFG 

spectra reaches a maximum at 0.50 M, and the hexanol ssp VSFG spectra go through a 

maximum at 0.045 M.  

The VSFG response, in particular the CH3-ss peak, for the neat solution surfaces is 

relatively small when compared to the higher concentration solutions. Previously, 

orientation differences have been used to explain the anti-correlation of the surface 

number density and the VSFG intensity of the CH3-ss.49 Although this is still thought to 

be mostly true, the surface structure is more complex. Upon examination of the VSFG 
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spectra in Figures 6.1-6.3, it is clear that centrosymmetry is playing a role in the reduced 

VSFG intensity of the CH3-ss from the neat butanol and neat hexanol surfaces. 

Orientation calculations (described further below and in Appendix A) do not account for 

the dramatic loss in VSFG signal intensity relative to the solution spectra in Figures 6.1-

6.3. Thus, self-aggregation into surface structures that possess inversion symmetry is 

likely occurring. Inverse micelle-like structures are quite plausible at the neat alcohol 

surfaces. The alcohol moieties may form hydrogen-bonded aggregates that possess a 

certain degree of centrosymmetry. Upon addition of water, the alcohol moieties hydrogen 

bond preferentially to the solvating water molecules, thereby breaking up the 

centrosymmetric surface aggregates.  

Another plausible explanation for the relatively small intensity of the neat alcohols is 

centrosymmetry due to formation of layered hydrogen-bonded structures.116 Simulations 

of neat octanol show the formation of hydrogen-bonded chains.116 A molecular dynamics 

study of the n-octanol/vapor interface117 show the alkyl chains aligned at the surface. 

Several layers beneath the interface these molecules are also well aligned due to 

hydrogen bonding between the hydroxyl groups. The weaker intensity of the neat alcohol 

ssp VSFG spectra is consistent with alignment of butanol and hexanol several layers into 

the interface, resulting in a cancellation of VSFG spectral intensity.  

Comparing the neat alcohol ssp spectra (Figure 6.1 (a, f)), the CH3-ss intensity of neat 

butanol is greater than that of neat hexanol. Perhaps hexanol, closer in length to 

octanol117 than butanol, exhibits a stronger tendency to form inverse micelle-like surface 

structures or is somewhat better at forming multiple layered structures at the surface of its 

neat liquid. However, the additional presence of the CH2-ss peak in the neat hexanol 

spectra (Figure 6.1 (f, g)) makes the neat hexanol structure determination ambiguous. 

The influence of solvent on the alcohol surface organization of the butanol and hexanol 

solution spectra is shown in Figures 6.1-6.3. The most noticeable difference between the 

aqueous butanol and aqueous hexanol VSFG spectra is the significant presence of the 

CH2-ss in the hexanol ssp spectra (Figures 6.1-6.3 (f-j)), and moreover, its near absence 

in the butanol spectra (Figures 6.1-6.3 (a-e)), with the exception of the anomalous 0.052 

M butanol in SA spectrum (Figure 6.3 (a, e)).  
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Presence of methylene VSFG intensity is an important indicator of gauche 

conformations, and therefore, ordering, or rigidity, of the alkyl chains.110 In an all-anti 

alkyl chain, local inversion centers disallow the SFG response, as is observed in the 

butanol spectra shown in Figures 6.1-6.3 (except the 0.052 M BuOH in SA). However, 

gauche defects destroy the local centrosymmetric methylene structures and thereby the 

CH2 modes in an alkyl chain become SFG-active. For hexanol, the CH2-ss is observed in 

all spectra (Figures 6.1-6.3), indicating that hexanol molecules possess a significant 

number of gauche defects in their alkyl chains. Hexanol is disordered at the neat, 

aqueous, aqueous ammonium bisulfate, and 59.5 wt% SA surfaces.  

Using the fitted intensities of the CH3 and CH2 symmetric stretches in the ssp spectra, 

the CH3-ss/CH2-ss ratios (ICH3
/ICH2

) can be calculated for each butanol and hexanol 

solution. This ratio (or its inverse) is used as a measure of gauche defects.118 Large CH3-

ss/CH2-ss ratios indicate order, whereas small ratios indicate disorder in the alkyl chains. 

Although this indicator can be convoluted by a methyl orientation effect, it provides 

additional evidence for order versus disorder. In Table 6.1, hexanol ICH3
/ICH2 ratios and 

the 0.052 M butanol in SA ratio are shown. The hexanol solutions have ratios less than 

20. We were unable to confirm the presence of any VSFG CH2-ss intensity for the 

butanol solution spectra, including neat butanol, and therefore, we do not report ratios for 

these solutions; they are clearly large for the butanol spectra, indicating that surface 

butanol exists in all-anti conformations (the alkyl chains are well ordered).   

Hexanol has two additional methylene groups relative to butanol, and statistically has a 

greater possibility of producing gauche conformations. Therefore, one might expect 

additional intensity of the methylenes for hexanol relative to butanol. However, contrary 

to this statistical argument, self assembled monolayer (SAM) studies have shown that 

longer chain SAMs tend to order more.119,120 This finding is counter to the observation 

here.  

A possible explanation to our observation that butanol is significantly more ordered 

that hexanol at the surface of aqueous solutions stems from potential solvent interactions 

with butanol versus hexanol. Butanol has a shorter chain, and energetically it should be 

less favorable for the butanol chain to contain gauche configurations, which would tilt the 
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terminal methyl group back toward the surface. In hexanol, the conformation with C3 

gauche to the oxygen is the lowest energy conformation.121 Raman spectroscopy studies 

showed that the energy differences between all-trans and trans-gauche conformations of 

1-pentane are much smaller than the energy differences for 1-butane.122 Following these 

results, the energy difference between all-trans and trans-gauche conformations for 

hexanol chains should then be smaller than that for butanol chains.  

The conformational energies of butanol in water have been investigated using ab initio 

molecular orbital calculations and Raman spectroscopy.123 Raman spectra revealed that 

the gauche conformers of butanol dominate in aqueous solutions in order to minimize the 

butanol surface area that is in contact with water molecules. Using this argument, it is 

plausible to postulate that at the aqueous surface, butanol prefers an all-trans 

conformation to minimize the interaction between the alkyl chain and surface water.  

Comparison of the butanol spectra in water, aqueous ammonium bisulfate, and most of 

the SA solutions, reveal that the CH2-ss remains absent from the spectra. The butanol 

molecules stay in their all-trans conformation even at low surface excess. Orientation 

calculations using the ssp and ppp spectral intensities also reveal that the chain tilt angles 

are between 4° and 13° from the surface normal for butanol in aqueous, in aqueous 

ammonium bisulfate, and in SA solutions (except the 0.052 M BuOH in SA). 

(Orientation calculation data is available in Appendix A.) Butanol molecules do not 

change their orientation or surface organization to any significant extent with solvent 

variation. There may be self-aggregation at the surface of these butanol solutions that 

stabilizes the rigid butanol structures. This is in contrast to the individual alcohol 

molecules spreading out in an isolated fashion evenly over the entire surface. Consistent 

with this hypothesis, propanol studies show that even at very low concentrations, the 

alcohol molecules self-aggregate into clusters.124 Additionally, an investigation of a 

saturated butanol-water solution showed that both self-aggregated clusters and butanol 

clusters with hydrogen bonded water molecules exist.125 

Molecular modeling of the water-butanol surface predict that the alkyl chains of 

butanol are aligned upright, and that the presence of water enhances ordering compared 

to that of neat butanol.104 We observe a significant difference in the neat (21.5°) versus 
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solution butanol chain orientation (4° to 13°), consistent with Chen et al.104 Electric 

surface potential measurements126 suggest that n-butanol molecules adsorbed to the 

surface of water are nearly perpendicular in order to prevent the hydrophobic chain from 

coming into contact with the water. These experimental and theoretical results as 

discussed above are consistent with the findings and interpretation presented here.  

The ratios in Table 6.1 reveal that hexanol is disordered at its solution surfaces. In the 

low concentration regime in water (0.0051 M and 0.0099 M), the ICH3
/ICH2 values are in 

the single digits, indicative of disorder. Ratios in the full surface coverage concentration 

regime (0.045 M and 0.052 M) become larger by about a factor of two, indicating that the 

increased surface coverage helps to minimize the existing gauche conformations, 

stabilizing the hexanol alkyl chain to some extent. This is not observed in the aqueous 

ammonium bisulfate or SA solutions for hexanol, revealing that the solvent is playing a 

significant role in the surface ordering, or lack thereof, for hexanol. Chain tilt angle 

calculations will be inaccurate for these solutions since the methyl tilt angle is not 

representative of the chain tilt due to the gauche conformations in the hexanol chains.  

As discussed above, ordering of the butanol molecules at the surface of the various 

solutions is constant and well ordered, quite different relative to hexanol surfaces. 

However, the 0.052 M butanol in 59.5 wt% SA has a ICH3
/ICH2 of 2.5, close to the 

ICH3
/ICH2 from hexanol at the surface of the 0.045 M hexanol in 59.5 wt % SA, revealing 

that these surfaces are the most disordered of the alcohol surfaces studied here.  

To understand how these alcohols could organize at the surface of sulfate-containing 

atmospheric aerosols, the differences in surface structure with water versus ammonium 

bisulfate versus SA solution as solvent is examined. The presence of salts in aqueous 

solutions can reduce the solubility of organic compounds such as alcohols. This is known 

as the salting out effect.127,128 Previous surface tension experiments of 1-propanol in 

aqueous NaCl solutions show a greater decrease in surface tension at low propanol and 

high salt concentrations, indicating that salting out occurs.129 Here, the VSFG spectra of 

the two lowest surface excess concentrations shown in Figure 6.4 (a, b) show evidence 

for salting out of butanol and hexanol. The CH3 symmetric stretches are more intense in 
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the ammonium bisulfate solutions than in the water solutions.  

The intensity of the 59.5 wt% SA solutions is lower than that of the water solutions as 

is shown in Figure 6.4 (a, b) (other concentration spectra are shown in Appendix A). 

Unlike for the water solutions, no solubility limit for butanol and hexanol in SA was 

observed, both in this work and in previous studies.60 In 60 wt% SA solution, using the 

pKa of ethanol (–1.94)94 and a value of HROH of –1.5994 and assuming an equilibrium 

constant of 0.31130 we calculate a distribution of 57% BuOH (HexOH), 25% BuOH2
+ 

(HexOH2
+), and 18% BuOSO3H/BuOSO3

- (HexOSO3H/HexOSO3
-). However, this does 

not appear to affect the surface CH3-ss vibrational frequency. The calculated surface 

excess for butanol in SA is lower than that for butanol in water,114 and it is likely that this 

is the case for hexanol as well. The surface structure of the 0.052 M butanol in SA 

solution is different from the other butanol solutions. This is apparent from the presence 

of the CH2-ss in the ssp spectrum. This may indicate that the butanol is not aggregating to 

the same extent as at the other solution surfaces.  

 

Conclusions  

The organization of 1-butanol and 1-hexanol molecules at the air-liquid interface of 

water, aqueous NH4HSO4, and 59.5 wt% sulfuric acid solutions was investigated using 

vibrational broad bandwidth sum frequency generation spectroscopy. The VSFG spectra 

strongly suggest that aggregation into somewhat centrosymmetric structures of the neat 

butanol and neat hexanol molecules is occurring at the neat surfaces. Butanol is relatively 

rigid, with all-trans chains for all solution surfaces investigated, with the exception of low 

concentration butanol in sulfuric acid. Hexanol, on the other hand, appears to contain 

gauche defects in its chain for all solution surfaces investigated. Butanol may self-

aggregate at the solution surfaces to help maintain its rigid surface structure; however, 

energetically, butanol is more likely to be in all-trans conformations relative to hexanol at 

the solution surfaces due to potential and unfavorable solvent interactions.   
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 Neat 
HexOH 

0.050 M 
HexOH 

0.045 M 
HexOH 

0.0099 M 
HexOH 

0.0051 M 
HexOH 

0.052 M 
BuOH 

  In water     

ICH3
/ICH2

 7.3 14.0 18.0 9.2 9.0  

  In 0.78 M NH4HSO4   

ICH3
/ICH2

  7.3  5.7 5.3  

  In 59.5 wt % SA  

ICH3
/ICH2

  6.5 3.0 12.1 7.2 2.5 

 

 

Table 6.1. Calculated ICH3
/ICH2

 ratio for the 1-hexanol solutions and the 0.052 M  
1-butanol in SA solution.  
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Figure 6.1. VSFG spectra of the CH stretching region of the (a) - (e) 1-butanol - water 

mixtures and (f) - (j) 1-hexanol-water mixtures. In (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 b-e and g-j are the CH2-ss, the CH3-ss, the CH3-FR, and the CH3-as, respectively. 
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Figure 6.2. VSFG spectra of the CH stretching region of the (a) - (e) 1-butanol - 0.78 M 

NH4HSO4 mixtures and (f) - (j) 1-hexanol - 0.78 M NH4HSO4 mixtures. In (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 b-e and g-j are the CH2-ss, the CH3-ss, the CH3-FR, and 

the CH3-as, respectively. 
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Figure 6.3. VSFG spectra of the CH stretching region of the (a) - (e) 1-butanol - 59.5 wt 

% SA mixtures and (f) - (j) 1-hexanol - 59.5 wt % SA mixtures. In (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 b-e and g-j are the CH2-ss, the CH3-ss, the CH3-FR, and 

the CH3-as, respectively.  
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Figure 6.4. 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 

NH4HSO4 solutions are shown in green, and the 59.5 wt % SA solutions are shown in 

orange.  
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CHAPTER 7 

 

CONCLULSIONS AND ATMOSPHERIC IMPLICATIONS

 

The work presented in this thesis was motivated by an interest in understanding the 

formation of secondary organic aerosols and the likelihood for this to be a contributor to 

the growth of acidic sulfate aerosols. The uptake of methanol (MeOH) by sulfuric acid 

(SA) solutions and the formation of methyl sulfate were investigated to determine the 

feasibility of this reaction contributing to aerosol growth. For aerosol growth to occur by 

the uptake of volatile organic compounds, there must be a reduction in the volatility of 

the organic compound. The reaction of MeOH with SA forms methyl hydrogen sulfate 

(MHS), a non-volatile compound. With this reduction in volatility, MeOH could be 

contributing to the growth of acidic sulfate aerosols, through the formation of a secondary 

organic aerosol. However, transformation of MeOH to MHS is highly dependent on the 

acid concentration, with the 20+ % MHS being formed only in very acidic SA solution 

(70+ wt%). 

The formation of MHS requires an acidic sulfate solution. The reaction was 

investigated using both Raman and vibrational sum frequency generation (VSFG) 

spectrosocopies. The appearance of a peak at 800 cm-1 in the Raman spectra indicates the 

presence of MHS in the solution. MHS was first detected in 51.4 wt% SA solutions, in 

SA solutions below 51.4 wt%, any MHS formed is beneath the experimental detection 

limits. Using equilibrium constants, the fraction of MHS in a 51.4 wt% SA solution is 

14.2 %. Increasing to 68.3 wt% SA increases the fraction of MHS to 20.4 %. The 

conversion is (95 ± 5)% complete in 96.6 wt% SA solution. These results suggest that a 

minor component of methanol will be transformed to MHS in atmospheric 
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sulfate aerosols. The majority of methanol that is taken by atmospheric aerosols remains 

as MeOH or protonated methanol, MeOH2
+, which are expected to remain volatile. 

However, MeOH is the dominant oxygenated species present in the atmosphere, and so, it 

is not inconceivable that MeOH is continually adsorbing to sulfate aerosols. Therefore, 

the uptake of MeOH can, over time, contribute to aerosol growth. 

Atmospheric aerosols are partially neutralized through the uptake of ammonia. Partially 

neutralized SA solutions are still acidic, but no evidence for MHS was found when 

NH4HSO4 solutions were used to represent these partially neutralized aerosols. This is 

due to the presence of water in the solutions, pushing the reaction equilibrium back to the 

starting products. Sulfate aerosols will take up water with time, and so this result suggests 

that the formation of sulfate esters will not contribute to the growth of aging aerosols due 

to the presence of water. 

The uptake of MeOH as a contributor to sulfate aerosol growth can only occur if 

MeOH, MeOH2
+, and MHS diffuse into the aerosol. The uptake and diffusion of the three 

methyl species into 40 to 96.5 wt% SA solutions was investigated by flowing MeOH 

vapor over the solution surfaces. The VSFG spectra indicate that the interfacial region 

reaches equilibrium after 20 minutes. However, diffusion into the SA solutions occurs 

over many hours, making the uptake of methanol vapor by sulfate aerosols, and the 

subsequent growth of these aerosols diffusion limited.  

Finally, the organization of longer alcohols, 1-butanol and 1-hexanol on aqueous, 

NH4HSO4, and 59.5 wt% SA solutions was investigated using VSFG spectroscopy. 

Differences were observed in the surface structures of the two alcohols. The VSFG 

spectra of the HexOH solution interfaces showed contribution from the νCH2
-ss while the 

BuOH solutions, except for the 0.05 M in 59.5 wt% SA, did not show νCH2
-ss 

contribution. The presence of νCH2
-ss in the HexOH spectra indicates that the chains have 

gauche defects, while BuOH is in a predominantly trans configuration. This difference 

could result in different growth behavior of aerosols with long versus short chain 

compounds present at the surface. The presence of organic compounds with chain-lengths 

longer than butanol at the surface of atmospheric aerosols is expected to impede uptake 
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of volatile compounds by the aerosol, resulting in a reduced growth rate of the aerosols. 

The results of this work suggest that although volatile alcohol compounds are taken up 

by SA solutions, the uptake will be diffusion limited, reducing the possible growth of 

acidic aerosols. Also, the uptake of compounds longer than BuOH will impede further 

uptake of volatile compounds, again reducing the rate of aerosol growth. Most 

importantly, the uptake of volatile organic compounds by acidic sulfate aerosols will be 

dependent on the aerosol acidity. In conclusion, newer aerosols with higher SA 

concentrations are expected to have higher growth rates from the uptake and 

transformation of volatile organic compounds.  
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APPENDIX A 
 

VSFG FITTING PARAMETERS WITH EXAMPLES 

 

Fitting of the VSFG spectra 

The ssp VSFG spectra of the BuOH solutions were fit with four, five (to include a 

contribution from water), and six (to include νCH3-as) component peaks to determine the 

best overall fit. The 0.50 M BuOH in water ssp SFG spectrum is shown in Figure A.1 

three times to show the differences in the fits. The four-component peak fit (a) considers 

only the expected BuOH peaks. The five-component peak fit (b) gave the best overall fit 

by including a contribution from water. Adding a sixth component peak to include a 

contribution from the methyl asymmetric stretch (c) did not improve the overall fit. The 

0.050 M HexOH in water ssp SFG spectrum is also shown in Figure A.1 fit with (d) six 

and (e) seven component peaks. The six-component peak fit comprises only the expected 

HexOH peaks. Allowing for a water contribution, using seven component peaks gave the 

best overall fit. 
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Figure A.1. Peak fits of (a-c) the ssp VSFG spectrum of 0.50 M BuOH in H2O with (a) 

four, (b) five, and (c) six component peaks, and (d-e) the ssp VSFG spectrum of 0.050 M 

HexOH in H2O with (d) six, and (e) seven component peaks. The original spectrum is 

shown as black data points, the overall fit is shown as the red line going through the data 

points, and the component peaks are shown in blue. 
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To determine the peak positions of each vibrational mode, the ssp, ppp, and sps VSFG 

spectra were fit with the appropriate component peaks. If a peak contribution was very 

small, i.e., the CH3-ss in the ppp spectra, the position was held (see Tables A.1-A.4). The 

fitted 0.50 M BuOH in water ssp, ppp, and sps VSFG spectra are shown in Figure A.2. 

The ssp spectrum (a) is fit with five peaks, the ppp spectrum (b) is fit with three peaks, 

and the sps spectrum (c) is fit with two peaks. The fitted peak positions and assignments 

are shown in Tables A.1-A.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.2. Fitting of the (a) ssp, (b) ppp, and (c) sps SFG spectrum of 0.50 M BuOH in 

H2O. The original spectrum is shown as black data points, the overall fit is shown in red, 
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and the component peaks are shown in blue. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table A.1. Vibrational mode assignments for neat BuOH and neat HexOH with fitted 

peak positions. Peak positions held during the spectral fitting are indicated by (h). 

 νCH2
-ss νCH3

-ss νCH2
-as CH2-FR CH3-FR νCH3

-as 

1-Butanol     

ssp 2846 2877 2908 2941  

ppp  2880(h) 2909   2966 

sps  2889   2961 

1-Hexanol     

ssp 2856 2878 2903/2922/2947 2939  

ppp  2880(h) 2920   2970 

sps  2915   2961 
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 νCH2

-ss νCH3
-ss νCH2

-as CH2-FR CH3-FR νCH3
-as 

1-Butanol       

0.50 M       

ssp 2833 2879  2914 2941  

ppp  2885 2913   2973 

sps   2908   2965 

0.179 M       

ssp 2836 2876  2907 2938  

ppp  2880(h) 2910   2968 

sps   2901   2955 

0.052 M       

ssp 2848 2876  2919 2940  

ppp  2887(h) 2910   2965 

sps   2905   2956 

1-Hexanol       

0.050 M       

ssp 2854 2879 2917/2931/2953 2938   

ppp  2880(h) 2912   2969 

0.0099 M       

ssp 2850 2879 2912/2925/2946 2938   

ppp  2880(h) 2912   2966 

0.0051 M       

ssp 2852 2880 2909/2924/2947 2941   

ppp  2880(h) 2914   2966 

 
 

Table A.2. Vibrational mode assignments for BuOH and HexOH solutions in water with 

fitted peak positions. Peak positions held during the spectral fitting are indicated by (h). 
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 νCH2

-ss νCH3-ss νCH2
-as CH2-FR CH3-FR νCH2

-as 

1-Butanol      

0.50 M      

ssp 2835 2880  2912 2943  

ppp 2877 2902  2940 2962 

sps  2905   2958 

0.179 M      

ssp 2841 2878  2905 (h) 2941  

ppp 2880(h) 2916   2974 

sps  2906   2956 

0.052 M      

ssp 2835 2880  2912 2943  

ppp 2880(h) 2908   2969 

sps  2905   2958 

1-
Hexanol      

0.050 M 
ssp 2852 2876  2881/2912/2974 2938  

0.0099 M 
ssp 2852 2876  2883/2912/2951 2937  

0.0051M 
ssp 2853 2876  2883/2914/2951 2937  

 
 
Table A.3. Vibrational mode assignments for BuOH and HexOH solutions in 0.78 M 

NH4HSO4 with fitted peak positions. Peak positions held during the spectral fitting are 

indicated by (h). 
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 νCH2

-ss νCH3
-ss νCH2

-as CH2-FR CH3-FR νCH3
-as 

1-Butanol       

0.50 M       

ssp 2848 2879  2912 2941  

ppp  2880(h) 2918   2969 

sps   2911   2962 

0.179 M       

ssp 2848(h) 2884  2915 2946  

ppp  2880(h) 2923   2970 

sps   2920   2965 

0.052 M       

ssp 2853 2879  2915 2939  

ppp 2866 2885(h) 2898  2925 2969 

sps   2908   2970 

1-Hexanol       

0.050 M ssp 2853 2878  2885/2903/2915 2945  

0.0099 M ssp 2858 2880  2885/2919/2952 2940  

0.0051 M ssp 2858 2878  2884/2901/2913 2946  

 

 

Table A.4. Vibrational mode assignments for BuOH and HexOH solutions in 59.5 wt% 

SA with fitted peak positions. Peak positions held during the spectral fitting are indicated 

by (h). 
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Normalization of spectra to methyl symmetric stretch 

The butanol and hexanol solution ssp spectra were normalized to the most intense 

methyl symmetric stretch to compare spectral differences. The normalized spectra are 

shown in Figure A.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3. VSFG ssp spectra of BuOH (a-c) and HexOH (d-f) solutions in 
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Comparison of solvents 

The differences in the ssp polarization spectra for each concentration of BuOH and 

HexOH were examined as a function of solvent. The spectra are shown in Figure A.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.  VSFG ssp polarization spectra of (a-c) BuOH solution and (d-f) 

HexOH solution. The water solutions are shown in blue, the 0.78 M NH4HSO4 solutions 
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are shown in green, and the 59.5 wt% SA solutions are shown in orange. 

 

 

Parameters for determination of θ 

For a vibrational mode assigned to the terminal methyl group that is present in both the 

ssp and ppp SFG polarization spectra, the intensity ratio, 
ssppp

ssssp

I
I

,

, , can be used to 

determine the orientation angle of the moiety. The intensity of the signal is proportional 

to the effective molecular susceptibility, )2(
effχ , equation A.1. 

)()(|| 800
2)2( ωωχ III IRSFG ∝       (A.1) 

Since the same frequency is being probed with both polarization combinations, only 
)2(

effχ changes so that the ratio of intensity is proportional to the ratio of χeff,ssp/χeff,ppp, 

equation A.2. 

)(_,

)(_,

,

,

ϑ

ϑ

χ
χ

sspppeff

sssspeff

ssppp

ssssp

I
I

=        (A.2) 

By solving χeff ssp/χeff,ppp for θ = (0–90)°,and comparing it to the intensity ratio, the angle 

of the terminal methyl group, relative to the surface normal, can be determined, assuming 

that the methyl group distribution is a delta function, that the surface is isotropic, and  

that the methyl group has C3v symmetry. 

An example of the Mathcad file (Mathcad Professional 2000) used to determine the 

terminal methyl angles is found at the end of this appendix. The file was modified for 

each solution investigated with the appropriate values for the required parameters. The 

orientation calculations require the input of several system-dependant variables, including 

the indices of refraction, the input beam wavelengths and incident angles, and the 

hyperpolarizability ratio (R) for the functional group being studied. The index of 

refraction of neat butanol used was n = 1.3973.131 The index of refraction for each 

BuOH-water solution was extrapolated from data found in the literature.132 The BuOH-

NH4HSO4 solutions were assumed to have the same indices of refraction as the 

comparable water solutions. The value of n for the sulfuric acid solutions used was 
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the index of refraction for 60 wt% SA at 2880 cm-1.133 All of the values for n used are 

found in Table A.5. The visible beam wavelength was 799.8 nm. The IR peak chosen was 

the CH3-ss at 2880 cm-1. The hyperpolarizability ratio for the methyl group used was R = 

3.4.112 The experimental incident angles are also found in Table A.5. From this 

information the χeff(ssp) and χeff(ppp) for the symmetric stretch are calculated as a 

function of orientation angle, θ. The plots of the ratio of 
)(__
)(__

θχ
θχ

SSppp
SSssp

effective

effective  versus θ 

used are shown in Figure A.5. The ratio of the square root of the intensities of the CH3-ss 

in the ssp and ppp spectra, 
ssppp

ssssp

I
I

,

, , is calculated. From the plot, the angle corresponding 

to that ratio is the terminal methyl orientation angle. Once the orientation angle is known, 

the chain tilt angle can also be calculated as  
3

5.35 CHθα −= . The calculated BuOH 

methyl orientation angles and chain tilt angles are found in Table A.6. 

 

 

θvis= 58° nneat
131 = 1.3973 n0.052 in H2O = 1.3325 

θIR = 66° nSA
133 =1.37624 n0.179 in H2O = 1.3334 

  n0.50 in H2O = 1.3358 

 
 
 
Table A.5. Variables used in the calculation of the methyl orientation angle, θ. 
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Figure A.5. Plots of 
)(__
)(__

θχ
θχ

SSppp
SSssp

effective

effective  versus θ for each solution. The terminal 

methyl orientation angle, θ, is read off the plot for the appropriate value(s) of the ratio.
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3CHθ  α  

3CHθ  α  
3CHθ  α 

neat 57 21.5       

Water   59.5 wt% SA   0.78 M NH4HSO4   

0.50 M 44.5 9 0.50 M 46.5 11 0.50 M 47 9.5 

0.179 M 39.5 4 0.179 M 48.5 13 0.179 M 42.5 7 

0.052 M 46.5 11 0.052 M  67 31.5 0.052 M 41 5.5 

 
 
Table A.6. Calculated orientation angles for the 1-butanol methyl group, θCH3

, and the 

butanol chain tilt angles, α. 
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 Mathcad file used to determine methyl orientation angles: 
 
Note: 
1. The following program is for orientational analysis of methyl group. 
2. For different chemical systems, values of n1, n2, n3, and r should be modified. 
 
Here are some definitions for some parameters used in this program: 
 
ω=SFG; ω1=vis; ω2=IR 
 
n1 is the refractive index of air. 
n2 is the refractive index of the solution. 
n3 is the refractive index of interfacial region 
 
n1ω is the refractive index of air at the wavelength of SFG 
n2ω is the refractive index of water at the wavelength of SFG 
n3ω is the refractive index of interfacial region at the wavelength of SFG 
n1ω is the refractive index of air at the wavelength of visible 
n2ω is the refractive index of the solution at the wavelength of visible 
n3ω is the refractive index of interfacial region at the wavelength of visible 
n1ω2 is the refractive index of air at the wavelength of IR 
n2ω2 is the refractive index of the solution at the wavelength of IR 
n3ω2 is the refractive index of interfacial region at the wavelength of IR 
 
β is the incident angle; γ is the refraction angle 
 
βω is the incident angle for SFG; βω is the Vis incident angle; βω2 is the IR incident 
angle 
 
γω is the incident angle for SFG; γω is the Vis incident angle; γω2 is the IR incident 
angle 
 
L is the Fresnel factor 
 
χ is the 2nd order susceptibility 
 
βaac and βccc are the molecular hyperpolarizabilities 
 
n1ω1 1:=  
n1ω2 1:=  
n1ω 1:=  
 
actual peak position of 800nm (nm) 
ω1 799.8:=  
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n2ω1 1.3325:=  
using n values calculated for the appropriate solution 
 
actual peak position of IR (cm-1) 
ω2 2880:=  
n2ω2 1.3325:=  

ω
10000000

ω2
10000000

ω1
+

⎛
⎜
⎝

⎞
⎠

:=  

 
calculated peak position of SFG (nm) 
ω 650.063=  
n2ω 4.8890459− 10 15−

⋅ ω 6⋅ 2.0305040410 11−
⋅ ω 5⋅+ 3.506514410 8−

⋅ ω 4⋅− 3.2229884110 5−
⋅ ω 3⋅+

0.0166297664− ω 2⋅ 4.56708627ω⋅+ 520.231783−+

...:=  

n2ω 1.331=  
 
incident angles of 800nm and IR (degree) 
βω 1 58:=  
βω 2 66:=  

βω

180 asin
ω
ω1

sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅
ω2 ω⋅

107
sin βω 2

π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+⎛
⎜
⎝

⎞

⎠
⋅

π
:=  

 
calculated incident angle of SFG (degree) 
βω 59.351=  
 
calculated refractive angle of 800nm (degree) 

γω1 180
asin

n1ω1
n2ω1

sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

π
⋅:=  

γω1 39.526=  
 
calculated refractive angle of IR (degree) 

γω2 180
asin

n1ω2
n2ω2

sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

π
⋅:=  

γω2 43.282=  
 
calculated refractive angle of SFG (degree) 

γω 180
asin

n1ω
n2ω

sin βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

π
⋅:=  

γω 40.271=  
 
calculated interfacial refractive index n3 of 800nm 
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n3ω1
n2ω14 5 n2ω12⋅+( )

4 n2ω12⋅ 2+
:=  

n3ω1 1.15=  
 
calculated interfacial refractive index n3 of IR 

n3ω2
n2ω24 5 n2ω22⋅+( )

4 n2ω22⋅ 2+
:=  

n3ω2 1.15=  
 
calculated interfacial refractive index n3 of SFG 

n3ω
n2ω4 5 n2ω2⋅+( )

4 n2ω2⋅ 2+
:=  

n3ω 1.149=  
 
Fresnel factors for SFG beam 

Lxxω

2 n1ω⋅ cos γω
π

18
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω cos γω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lxxω 1.02=  

Lyyω

2 n1ω⋅ cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω cos γω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lyyω 0.668=  

Lzzω

2 n2ω⋅ cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω
n3ω

⎛⎜
⎝

⎞
⎠

2
⋅

n1ω cos γω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lzzω 0.713=  
 
Fresnel factors for 800nm beam 

 

Lxxω1

2 n1ω1⋅ cos γω1
π

18
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω1 cos γω1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω1 cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lxxω1 1.105=  

Lyyω1

2 n1ω1⋅ cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω1 cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω1 cos γω1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lyyω1 0.68=  
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Lzzω1

2 n2ω1⋅ cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω1
n3ω1

⎛⎜
⎝

⎞
⎠

2
⋅

n1ω1 cos γω1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω1 cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lzzω1 0.723=  
 
Fresnel factors for IR beam 

 

Lxxω2

2 n1ω2⋅ cos γω2
π

18
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω2 cos γω2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω2 cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lxxω2 0.465=  

Lyyω2

2 n1ω2⋅ cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω2 cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω2 cos γω2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lyyω2 0.591=  

Lzzω2

2 n2ω2⋅ cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅⎛
⎜
⎝

⎞
⎠

n1ω2
n3ω2

⎛⎜
⎝

⎞
⎠

2
⋅

n1ω2 cos γω2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ n2ω2 cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅+
:=  

Lzzω2 0.646=  
 
orientation angle θ of methyl group 
 
θ 0 0.5, 90..:=  
θ

0
0.5

1
1.5

=

 
r 3.4:=  
βccc 1:=  
Ns 1:=  
 
For CH3-SS, the components of χ are given by: 

χyyz_SS θ( )
1
2

Ns⋅ βccc⋅ 1 r+( ) cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ 1 r−( ) cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⎛
⎜
⎝

⎞
⎠

3
⋅−

⎡
⎢
⎣

⎤
⎥
⎦

⋅:=  

χyzy_SS θ( )
1
2

Ns⋅ βccc⋅ 1 r−( )⋅ cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⎛
⎜
⎝

⎞
⎠

3
−

⎡
⎢
⎣

⎤
⎥
⎦

⋅:=  

 
Xxxz is equal to Xyyz  
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Xxzx is equal to Xyzy is equal to Xzxx is equal to Xzyy  

χzzz_SS θ( ) Ns βccc⋅ r cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ 1 r−( ) cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⎛
⎜
⎝

⎞
⎠

3
⋅+

⎡
⎢
⎣

⎤
⎥
⎦

⋅:=  

χeffective_ssp_SSθ( ) Lyyω Lyyω1⋅ Lzzω2⋅ sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyyz_SS θ( )⋅:=  

χeffective_ppp_SSθ( ) Lxxω− Lxxω1⋅ Lzzω2⋅ cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyyz_SS θ( )⋅

Lxxω Lzzω1⋅ Lxxω2⋅ cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyzy_SS θ( )⋅+

...

Lzzω Lxxω1⋅ Lxxω2⋅ sin βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyzy_SS θ( )⋅+

...

Lzzω Lzzω1⋅ Lzzω2⋅ sin βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χzzz_SS θ( )⋅+

...

:=  

χeffective_sps_SSθ( ) Lyyω Lzzω1⋅ Lyyω2⋅ sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyzy_SS θ( )⋅:=  
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χ2ssp_SS θ( ) χeffective_ssp_SSθ( )( )2:=  
χ2ppp_SS θ( ) χeffective_ppp_SSθ( )( )2:=  
χ2sps_SS θ( ) χeffective_sps_SSθ( )( )2:=  
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For CH3-AS, the components of  χ are given by: 
βaca 1:=  

χyyz_AS θ( ) 1−( ) Ns⋅ βaca⋅ cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⎛
⎜
⎝

⎞
⎠

3
−

⎡
⎢
⎣

⎤
⎥
⎦

⋅:=  

χyzy_AS θ( ) Ns βaca⋅ cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⎛
⎜
⎝

⎞
⎠

3
⋅:=  

 
Xxxz is equal to Xyyz  
 
Xxzx is equal to Xyzy is equal to Xzxx is equal to Xzyy  

χzzz_AS θ( ) Ns βaca⋅ cos θ
π

180
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⎜
⎝

⎞
⎠

cos θ
π

180
⋅⎛

⎜
⎝

⎞
⎠

⎛
⎜
⎝

⎞
⎠

3
−

⎡
⎢
⎣

⎤
⎥
⎦

⋅:=  

χeffective_ssp_ASθ( ) Lyyω Lyyω1⋅ Lzzω2⋅ sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyyz_AS θ( )⋅:=  

χeffective_ppp_ASθ( ) Lxxω− Lxxω1⋅ Lzzω2⋅ cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ cos βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyyz_AS θ( )⋅

Lxxω Lzzω1⋅ Lxxω2⋅ cos βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ cos βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyzy_AS θ( )⋅+

...

Lzzω Lxxω1⋅ Lxxω2⋅ sin βω
π
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⎜
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⎞
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⋅ cos βω 1
π

180
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⎜
⎝

⎞
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⋅ cos βω 2
π

180
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⎜
⎝

⎞
⎠

⋅ χyzy_AS θ( )⋅+

...

Lzzω Lzzω1⋅ Lzzω2⋅ sin βω
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ sin βω 2
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χzzz_AS θ( )⋅+

...

:=  

χeffective_sps_ASθ( ) Lyyω Lzzω1⋅ Lyyω2⋅ sin βω 1
π

180
⋅⎛

⎜
⎝

⎞
⎠

⋅ χyzy_AS θ( )⋅:=  
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χ2ssp_AS θ( ) χeffective_ssp_ASθ( )( )2:=  
χ2ppp_AS θ( ) χeffective_ppp_ASθ( )( )2:=  
χ2sps_AS θ( ) χeffective_sps_ASθ( )( )2:=  
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APPENDIX B 

 

DIFFUSION INTO A SLAB WITH ONE OPEN BOUNDARY

 

Fick’s second law of diffusion, equation B.1, relates the change in concentration as a 

function of time with the change in concentration as a function of depth.  

2

2

z
uD

t
u

∂
∂

=
∂
∂         (B.1) 

where u is the concentration, and D is the diffusion coefficient. Each side of the 

equation B.1 considers only time, t, or position, z, each side.  

To solve equation B.1 for the concentration u, let the solution have two parts, one 

dependent on position, Z, and one dependent on time, T, equation B.2 

u=ZT        (B.2) 

solving the partial differential equations 

2

211
z
Z

Zdt
T

DT ∂
∂

=
∂        (B.3) 

The two sides of the equation can be separated and set equal to a constant, -µ2. 

21 µ−=
∂
dt
T

DT
       (B.4) 

and 

2
2

21 µ−=
∂
∂

x
Z

X
       (B5) 

Setting each equal to 0 gives 
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02 =+
∂
∂ DT

t
T µ        (B.6)

 

02 =+
∂
∂ Z

z
Z µ        (B.7) 

The general solutions to equations B.6 and B.7 are 

]exp[ 2 DTCT µ−=        (B.8) 

and 

zBzAZ µµ cossin +=       (B.9) 

Substituting these solutions back into equation B.2 gives two solutions, B.10 and B.11 

]exp[sin 2 Dtau µµ −=       (B.10) 

]exp[cos 2 Dtbu µµ −=       (B.11) 

 

To correctly solve equation B.1, the correct boundary conditions must be chosen for the 

experimental setup. For diffusion into a finite slab with one open boundary, Figure B.1: 

 

The starting condition is  

1. u=0 at t<=0 

The boundary conditions are 

2. u=0 for 0<z<L 

3. u=u0 for z=0 because the open boundary is at the top of the experimental system. 

4. ∂u/∂z=0 at z=L because the closed boundary is at the bottom of the system. 

]}
4

)12(exp[
2

)12(sin
)12(

1(41{
0

2

22

0 ∑
∞=

=

+−+
+

−=
ν

ν

πνπν
νπ L

Dt
L

xuu  (B.12) 

In equation B.12, u is the concentration, u0 is the surface concentration, ν is an integer, 

L is the solution thickness (cm), and x is the probe position beneath the surface (cm), and 

t is time (seconds). D is the diffusion coefficient (cm2/s), and it is assumed to be 

independent of concentration. 
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The summation was evaluated to determine the number of terms required for the 

expansion. The limit was set at a change of 1% or less with the addition of another term. 

With this limit, it was found that the expansion series requires ν=0 to ν=6. 

In Raman spectroscopy the peak area is proportional to the concentration. To minimize 

the amount of error in the returned diffusion coefficient, peak areas and not 

concentrations were used in the fit, equation B.13. 

]}
4

)12(exp[
2

)12(sin
)12(

1(41{
0

2

22

0 ∑
∞=

=

+−+
+

−=
ν

ν

πνπν
νπ L

Dt
L

xAA   (B.13) 

In equation B.13, A is the peak area and A0 is the “surface area.” When determining the 

peak areas, care was taken to keep the Voigt shape similar within an experiment. 

The data was fit using a weighted fit to include the standard deviations of the peak 

areas. The fitting requires user input for the following parameters: the surface area, A0, 

the solution thickness, L (held constant), the probe depth, x (held constant), and the 

diffusion coefficient, D. After fitting, the best values for the diffusion coefficient and 

surface “peak area” are returned by the software. To confirm that the expansion to ν=6 

was valid, the number of expansion terms was changed to ν=10 for one experiment. No 

change in the value for the diffusion coefficient and no improvement in the standard 

deviation were noted. 

A fitting function was written for use in IgorPro 4.05 to solve equation B.13 for D and 

A0: 

 

#pragma rtGlobals=1  // Use modern global access method. 

 

function diffusion(w,t) : fitfunc 

 wave w 

 variable t  //time 

 variable h=2.4, x=0.35 

 variable n=0, total=0 

do 
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total+=1/(2*n+1)*sin((2*n+1)/w[3]*Pi*w[2])*exp(((2*n+1)/w[3]*Pi)*((2*n+1)/w[3]*

Pi)*w[0]*t) 

 

n+=1 

while (n<=6) //change for number of terms needed 

 

 variable C=w[1]*(1-4/Pi*total) 

 return C 

 

End 

 

Initial starting guesses for the following parameters are provided by the user: 

w[0] is the diffusion coefficient, D (allowed to vary). 

w[1] is surface area, A0 (allowed to vary). 

w[2] is the 2*slab depth, 2L (held constant). 

w[3] is the probe position beneath the surface, x (held constant). 

 
Figure B.1. Diffusion into a slab: Boundary conditions.  

 
z=0 

z=L 

u(0)=u0 for all t

0=
∂
∂

x
u   
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