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Methanol Reaction with Sulfuric Acid: A Vibrational Spectroscopic Study
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The reaction between methanol and sulfuric acid (SA) was investigated using Raman and vibrational broad
bandwidth sum frequency generation spectroscopies. Evidence for the formation of methyl hydrogen sulfate
(MHS) was obtained by the presence of a new peak in the 800 pagion, 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) °C. No evidence was found to suggest formation of dimethyl sulfate.

Introduction metry. It has been used to study a variety of sbfidand
liquid surface%17 including those with atmospheric rele-
vance810-13.151821 SEG is sensitive to both the molecular
orientation at the interface and the number densityA brief
introduction to the theory of SFG follows, and more thorough

The uptake of methanol by sulfuric acid solutions has recently
been studied:?and the “esterification” of methanol by sulfuric
acid has been known since the 1950%t, direct measurement
of the reaction products has remained elusive. We present, . ~tments can be found elsewh@e2®

spectroscopic evidence of the formation of methyl hydrogen The macroscopic nonlinear susceptibiligf?, is described

sulfate (CHOSGH) using Raman spectroscopy to investigate @
the bulk solution. Surface studies are also presented. Surfacebé)a:qoriresonant terir and the sum of the resonant terms,

tension measurements provide a macroscopic understanding oft» "
the surface, and broad bandwidth sum frequency generation
(BBSFG) spectra present a molecular view of the surface. PP = 1 + z s (1)
This work was initially motivated by an interest in under- v
standing atmospheric aerosol chemistry since the reaction .
between sulfuric acid aerosols and tropospheric methanol is not, 11€ resonant response dominates when the frequency of the
well understood at the molecular level. To simplify the incident |nfrare_d beammp_g, is resonant with the vibration in
experimental conditions, concentrateed wt %) sulfuric acid the system. It is propo_rtlonal to the strength of the transition
was used to minimize the presence of water in these studies.MOMeNtA,, as shown in eq 2.
Lower sulfuric acid concentrations, while more relevant to
tropospheric aerosol conditions, are beyond the scope of this X(Z) 0 A, )
work. 0, —og— il
Chemical abbreviations used in this paper areMeOH
(methanol); SA (sulfuric acid); MHS (methyl hydrogen sulfate); A, includes both Raman and infrared contributions, meaning
DMSO; (dimethyl sulfate). SFG is observed when the vibrational transition is both Raman
Raman and Sum Frequency SpectroscopiefRaman and and infrared active. The center frequency of the transition
sum frequency generation (SFG) vibrational spectroscopies weremoment isw,, and the line width of the transition is described
used to elucidate the bulk reaction and surface structure of theby T',.
methanol with concentrated sulfuric acid reaction. Raman The intensity of the SFQgrg, is proportional to the absolute
spectroscopy was used to follow the vibrational signatures of square ofy® and the intensity of both incident beams, eq 3.
the reactants and products and was selected here as an
appropriate tool for this task since it can be used on samples lsre Ak (0 ) (@go0) (3)
contained in laboratory glassware with minimal spectral interfer-
ence. Raman scattering is based on changes in polarizability of
a vibration as opposed to changes in dipole moment as in IR
spectroscopy. This gives rise to different vibrational intensities ~ Methanol (HPLC grade), sodium methyl sulfate (99%),
and allowed modes as compared to IR spectra. For the surfacedimethyl sulfate (99- %), sulfuric acid (96.6 wt %), and
spectra, sum frequency generation spectroscopy was used antlydrochloric acid (trace metal grade) were used as received.
is briefly discussed below. SFG is proportional to the Raman Nanopure water (17-:818.3 MQ-cm) was used. The only water
and IR transition moments, yet is surface selective. present in the methanekulfuric acid reaction system was
Sum frequency generation is a second-order nonlinear Optica|brought in with the addition of the 96.6 wt % sulfuric acid. To
technique sensitive to environments lacking inversion sym- completely dissolve CHDSQsNa in SA, solution vials were
placed in a warm water bath. Spectra peak positions were fit

*To whom correspondence should be addressed. E-mail: allen@ USINg IgorPro 4.05. Fits were made using a Voigt shape with
chemistry.ohio-state.edu. background correction.

v

Experimental Section

10.1021/jp0476949 CCC: $27.50 © 2004 American Chemical Society
Published on Web 10/20/2004



Methanol Reaction with Sulfuric Acid

In the low temperature study, a vial containing 96.6 wt %
sulfuric acid was placed in a freezer af(15 £+ 2) °C to
temperature-equilibrate and was stirred. MeOH (1.00 mL) was
delivered to the vial (1.37 molain), and Raman spectra were
acquired every minute for a minimum of 12 h. The room
temperature study was conducted at £23) °C 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) °C 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 MeasurementsSurface tension measure-
ments were made using the Kibron Imetrough system, based
on the Wilhelmy plate technique, with DeltaGraph v 2.15
software. Solution (1.00 mL) was delivered into a PTFE tray

for each measurement. The temperature varied between 26.0

and 28.7°C.

Ab Initio Calculations. Calculations were performed using
Gaussian 03 for Window®,the 6-31G** basis set was chosen
for all ab initio calculations?!

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-mm monochromator (Acton
Research, SpectraPro 500i) using a 600 groove/mm grating
blazed at Jum. The slit width was set to 2@0m, and the band-
pass varied between 2.142 cthiat 400 cn1t) and 1.503 cm?!

(at 3300 cml). The spectra were collected in 60 s exposures
to a liquid nitrogen cooled CCD camera (Roper Scientific,
LN400EB, 1340x 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 naph-
thalene and comparing peak positions with the literature vafues.

SFG Instrumentation. The Allen Lab BBSF@&9101233
system uses a broad bandwidth IR bear6@0 cnm! bandwidth,
~100-fs pulse duration). The SFG system consists of two
regenerative amplifiers (Spectra Physics (SP), Spitfires) seede
with sub-50 fs, 800 nm pulses from a Ti:sapphire oscillator (SP,
Tsunami) and pumped by a Nd:YLF (SP, Evolution 30)
operating at a kHz repetition rate. One amplifier produces 85
fs, 800 nm broadband pulses-300 cnt?) that are then
transformed into a broadband infrared beam in an optical
parametric amplifier (SP, OPA-800C). The second amplifier is
equipped with a mask to spectrally narrow the 800 nm pulse,
17 e, ~2 ps. (Air-liquid spectra were also obtained with
an ~5 cnr! bandwidth!? no improvement of resolution was
observed, indicating that the line width is limited by the chemical
system.) The infrared pulse energy used was/dPand the
visible pulse energy was 11BJ. The two beams overlap
spatially and temporally on the liquid surface of interest, and
the resulting sum frequency beam enters the 500 mm mono-
chromator with the slit width set to 3 mm. The beam waist of
the focused SFG beam limits the monochromator resolution.
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Figure 1. Raman spectra of (a) methanol (grey) and sulfuric acid
(gold), and (b) the reaction mixture of methan®l sulfuric acid
(red).

Spectra were obtained byintegration of the SFG signal fe 1
min depending on the experiment.

Calibration of the BBSFG system uses a spectrum of GaAs
obtained with the IR beam attenuated by passing it through a
polystyrene thin film prior to beam overlap on the GaAs. The
peak positions (dips) in the polystyren@aAs BBSFG spectrum

re used to calibrate the spectra. Prior to collecting the BBSFG

pectra from the solutions, a nonresonant BBSFG spectrum from
the surface of a GaAs crystal is obtained. It is then used to
normalize the BBSFG spectra.

SSP polarization conditions were used for the BBSFG spectra
shown here. However, SPS polarization conditions were used
for additional analysis. The SSP polarization combination probes
the isotropic Raman response and the infrared-active dipole
moment that is perpendicular to the surface, whereas 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 that is polarized perpendicular
and parallel to the plane of incidence, respectively. SSP or SPS
by convention is listed in the following order: SFG, incident
visible, and incident IR light.

Results and Discussion

The spectrum is dispersed spectrally in the monochromator using Before studying the reaction of MeOH with SA, it was

a 1200 g/mm diffraction grating blazed at 750 nm (Acton

important to understand the spectroscopic signatures of neat

Research, SpectraPro 500i), and the dispersed SF light isMeOH and SA. Therefore, the liquid Raman spectra of neat

collected with a LN-cooled CCD camera (Roper Scientific,
LN400OEB, 1340x 400 pixel array, back-illuminated CCD).

methanol and sulfuric acid were obtained, and these spectra are
shown in Figure la. Their peak assignments are found in Table
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TABLE 1: Raman Spectra Peak Assignments for Neat Methanol,

Dimethyl Sulfate in SA, and the Reacted MeOH-SA Solutior?

Van Loon and Allen

96.6 wt % Sulfuric Acid, Methyl Hydrogen Sulfate in SA,

peak (cnTt) peak (cn1?)
MeOH?*® MeOH in HCI assignment 96.6 wt % SA assignment
1003 vs O—C of CH;OH," 3 417 torsior”:48
1034 vsO—C 564 S=0, rock and bent=4°
1111 1100 y CHs 912 in-phase stretching-§OH), of H,SO, 3*
1451 s CHs 969 Vas S—(OH), %0
1470 1461 Oas CHs 1044 s SOz of HSQy~ in (HSO;™)(H2S0u)3
1544 rO—C+ 6 O—H---O 1153 vs O=S=0%
2835 2851 vs CHs 1369 Vas O=S=0
2920 2912 FR®s CH; + 2 0 CHg3)*?
2944 2958 FR#s CHs + 2 0 CHg3)*?
2977 Vas CHg
3009 Vas CHg
peak (cnTt) peak (cnTt)
MHS in SA®! DMSO; in SA3® assignment 7SA/1IMeOH assignment
414 419 torsion (SA) 419 torsion (SA)
503 owag O=S=0 (DMSQy)
565 565 S0, rock and bend (SA) 569 =80, rock and bend (SA)
807 769 vs O—S—0 (DMSOQ,, MHS) 5152 808 v O—S—0 (MHS)
909 910 in-phase-S(OH), (SA) 912 in-phase S(OH), (SA)
995 vs O—C (MHS)*
1044 1046 s S0s (SA) 1046 v SOs (SA)
1164 1158 7s0=S=0 (SA) 1164 vs0=S=0
1197 15 0=S=0 (DMSQy)
1371 1367 V2s O=S=0 (SA, MHS*, and DMSQ) 1369 Vas O=S=0
1445 8s CHs (MHS)
1457 1457 0 CHs 1459 0as CHsz (MHS)
2860 2859 vs CHs 2859 vs CHz (MHS)
2976 2976 FRifs CH; + 2 6 CHg)* 2975 FR @s CHs + 2 0 CHg)*
3043 3050 VasCH3 3047 Vas CHz (MHS)

a Symbols used in the table are ERFermi resonance; = stretch,y = torsion, andd = deformation modes. The resolution of the peaks®s

cm. Asterisk (*) denotes assignment by the authors.

1. Of particular interest to this study in the methanol spectrum
is the peak at 1034 cm assigned as the symmetric-@
stretch, and the peak at 2835 thattributed to the Chl
symmetric stretch. Also, the 2920 cinshoulder and the peak
at 2944 cm?! are assigned to two Fermi resonances. The high
energy side of the 2944 cthpeak has a shoulder at 2977t
attributed to the Cglasymmetric stretching modes.

The 96.6 wt % SA solution contains both$D, and HSQ~
molecules with the bisulfate ion solvated by multipleS®,
molecules’* Three SA peaks shown in Figure la are
particular interest to this study. The peak at 912 &ns
attributed to the in-phase symmetric stretching of S(E£fFm
H,SO,. The 1044 cm! peak is assigned to the $Q@ym-
metric stretch of HSQ in the (HSQ™)(H.SO;) complex.
The peak at 1153 cm is assigned to the ©S=0 symmetric
stretch.

The reacted mixture of methanol with sulfuric acid (7 SA/1
MeOH/1 H0) is shown in Figure 1b. Because of the high
concentration of SA, it is difficult to distinguish between-G
vibrations due to any reaction product and SA in the region
between 400 and 1500 crh since the peaks appear at

of

The CH; stretching region in the MeOH SA spectrum of
Figure 1b is different from that of neat MeOH. The entire methyl
stretch region of Figure 1b is shifted to higher energy relative
to the neat MeOH spectrum of Figure la. Like for methanol,
the 2859 and 2975 cm peaks are assigned to the €H
symmetric stretch and a Fermi resonance with the smallest peak
at 3047 cm! assigned to the CHasymmetric stretching
modes. All peak assignments for spectra of Figure 1 are shown
in Table 1.

The relative peak intensities in the gMtretching region
are also different in the reacted mixture of MeOH SA
compared to the neat methanol spectrum as shown in Figure
1. In addition, the relative intensity of the methanol £H
symmetric stretch (2835 cm) to the Fermi resonance (2944
cmY) is 2:1 in the methanol spectrum while the relative inten-
sity of the reacted mixture 2859 crhto 2975 cmi! peaks is
1:2.

To investigate the possibility that the reacted Me®+H5A
spectrum in Figure 1b is the spectrum of protonated MeOH,
CH3OH,™, the spectrum of methanol in HCI was obtained and
is shown in Figure 2a,b. The peak assignments are found in

approximately the same wavenumbers. However, in Figure 1b Table 1. Methanol is only weakly basic (for GBIH,™; pKgy*

a peak at 808 crt is observed; this peak is not present in either
the neat MeOH or the 96.6 wt % SA spectra (Figure 1a) and is

= — 4.86 & 0.37)3 and under concentrated acid conditions
(4HCI/1MeOH/13H0/12M HCI added), 35% of the methanol

attributed to the singly bonded OSO symmetric stretch of a new is protonated® In the Raman spectrum, protonation is observed

species, methyl hydrogen sulfate (€»5QH, MHS). The
spectrum of an MHS standard solution is shown in Figure 3. In
addition to the 808 cm' peak in Figure 1b, the shoulder on
the low energy side of the S@ymmetric stretch peak of SA
observed at 995 cnt 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 methanet@® symmetric
stretch (1034 cm?).

as a red-shifting of the ©C symmetric stretch from 1034 crh

for neat methanol to 1003 crhfor protonated MeOH in HGP

and 995 cm? (small peak) for the MeOH+ SA solution as
shown in Figure 2a. This shift to lower energy suggests that
the O-C bond lengthens as a result of protonafibrThe
decrease in ©C peak intensity for MeOkt of MeOH in HCI

and the MHS product of MeOH+ SA as compared to the
intensity in neat MeOH is mainly due to dilution. (Normalization
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Figure 2. Raman spectra of methanol (grey), methanol in HCI (green),
and the reacted mixture of metharekulfuric acid (red) (a) from 400

to 1300 cm! and (b) in the CH stretching region (the methanol
spectrum in this region has been reduced by a factor of 5).
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Figure 3. Raman spectra of dimethyl sulfate in sulfuric acid (pink),
and methyl hydrogen sulfate in sulfuric acid (blue), from 400 to 2000

cm™ and in the CH stretching region (inset).

of the data to equalize the number density producedC@eaks
of comparable intensity.) The reacted MeGHSA solution
spectrum, Figure 2a, has a peak at 808 tnot present in the
spectrum of MeOH in HCI so it cannot be attributed to

protonated methanol.

2000
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but less than that of the reacted mixture. This shift to higher
energy for MeOH in HCl indicates that the CH bonds of MeOH
are strengthened in HCI. The relative intensity of the symmetric
stretch to the higher energy peak has changed from 2:1 to 1:1
for the HCI mixture, and 1:2 for the reacted mixture. The
observed decrease in intensity of the £stretching region
relative to the MeOH spectrum in Figure 2b is again mainly
due to dilution for the MeOH in HCI solution. However, the
MeOH + SA solution CH region is less intense even after
normalization to equalize number density effects (Figure 11b)
consistent with the shifting of the GHasymmetric stretch to
higher wavenumber.

The formation of MHS from the reaction of MeOH with SA
has been investigated since the 1950s. The reactions as
postulated by Deno and Newman are shown in reaction€ A

ROH," + H,SO,= ROSQH + H,O" (A)
ROH + H,SO,” = ROSQH + H,0" (B)
ROH + H,SO, = ROSQH + H,0 (©)

More recently, the reaction sequence has been expressed by
Torn and Nathansdhand is shown in reactions-d.

H,SO, + H,O0=HSO,” + H,0" (a)
HSO,” + H,0= SO + H,0" (b)
ROH+ H,0" = ROH," + H,0 ()

HSO,” + ROH+ H,0" = ROSQH + 2H,0  (d)
ROSQH + H,0=R0OSQ + H,0" (e)
ROSQH + ROH = (R0),SQ, + H,O )

MHS may further react with methanol to form DM%08ased
upon a drop in the desorbing methanol fraction in flow-tube
experiments as suggested by reactidié confirm the product
of the reaction between methanol and sulfuric acid in this study,
the Raman spectra of MHS in SA (11SA/IMHSAD) and
DMSQ, in SA (12SA/1DMSQ/2H,0) were obtained as shown
in Figure 3. Both compounds have a peak in the 800'aregion
attributed to their singly bonded OSO symmetric stretch, but
the positions differ: 769 cmi for DMSO, in H,SO, and 807
cm~ for MHS in SA. Shown in the inset of Figure 3, the 2860
cm! of MHS and the 2976 cmt peaks of both MHS and
DMSO, are assigned to GHsymmetric stretching and Fermi
resonance modes, respectively. The 2859'cpeak of DMSQ
is assigned to a CHsymmetric stretch, although it has been
previously assigned as a combination band or a Fermi resonance
of the CH; bending mode with the CHsymmetric stretch8
The 3043 cm! peak of MHS and the 3050 crh peak of
DMSO, are assigned to CHasymmetric stretches. The @H
stretching regions of MHS and DMSQre shifted to higher
wavenumbers 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

The CH stretching regions of neat methanol, methanol mixture of MeOH+ SA. Additional peak assignments are found
reacted with sulfuric acid, and methanol in hydrochloric acid in Table 1.

are compared in Figure 2b. The @Htretching region of

The Raman spectra of a series of reacted Me®F5A

methanol in HCl is blue-shifted relative to that of neat methanol mixtures are shown in Figure 4a. The MeOH SA singly
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o -7.15
g v; 0-S-0 2238
° l -1.00
g -0.51
5
E Figure 5. Ab initio calculation schematic of the HOMOs of methyl
hydrogen sulfate.
cz);oo 600 800 1000 1200 1400 1600 system shifts to lower energy with increasing SA concentration
Raman Shift (cm'1) due to G-C bond lengthening as it is solvated more fully by
SA. The lengthening of the bond decreases the bond polariz-
__805 (b)‘ n.* * 4 ¢ ability, and the peak intensity decreases with increasing SA as
‘TE N SMHS well.
G 795 AMeOH+SA AM1 calculations suggest that GESQ;™ is solvated by 89
c 42 cm’ & DMSO, H.O molecules! Spectroscopically, this is observed by a change
;.% 785 |4 in the position of the vibrational mode affected by the solvation.
3 The solvation of MHS by KO was investigated here (data not
0 775 shown) by monitoring the position of the singly bonded OSO
8 M " = stretching peak with increasing@ excess. The position shifts
Q& 765¢m " I 13 cm’! from 765 cnt? for the crystalline compound to 785 cin a
+ solution of 4 or more KO molecules per MHS, signifying that
755 | ! ! ! one MHS molecule is solvated by four water molecules. The
0 5 10 15 20 25 peak position shift is more dramatic in sulfuric acitl ¢ 40

SA:Solute cm1), Figure 4b, indicating that SA with MHS forms a stronger
Figure 4. Raman spectra of (a) methansl sulfuric acid reaction _H'bond network than bD with MHS. A smaller shift of 5 cm*
mixtures for various concentrations and (b) the position of the singly IS observed for DMS@in SA.
bonded OSO symmetric stretch as a function of the ratio of sulfuric  Ap initio calculations were performed to aid in understanding
acid molecules to solute molecules. the differences between the MHS and DMS®Ivation shifts.
The sulfate moiety of CEDSG;~ consists of two doubly bonded

bonded OSO peak at800 cm* shifts with changing SA v qens with bond lengths of 1.47.48 A, and a singly bonded
concentration as shown in Figure 4a. Figure 4b shows the Sh'ftoxygen with a bond length of 1.62 A, in agreement with

of the singly bonded OSO symmetric stret_ch Of DMSBIHS, . previous calculationg The HOMO is distributed among these
and_ reacted MeOH with increasing sulfuric ampl concentration 4 . oxygens, rendering the sulfate moiety available to
to h|gherwavenumber. Shown in Flgurg 4a, the in-phase .SZ(OH) participate in hydrogen bonding with sulfuric acid. In MHS,
stretch of HSQy shifts from 912 cm?! at high SA concentrations CHsOSQH, the HOMO is predominately on the two doubly
to 895 cnttin low SA concentration, the position of the S(OH) bor13ded @=,S moieties and to a lesser extent on the oxygen
stretch of HS@.2* The peak at 1043 cm is attributed to the bonded to the methyl group as shown in Figure 5. The LUMO
v{SQ) of HZSO“ in the largest SA copcentration. As the SA is on the oxygen of SOH; however, the hydrogen' of the SOH
SggﬁggrggﬁB&ggrfgsfg&?eo?iasl(&ﬁ'fstf 0 1055 dine peak may be available for hydrogen bonding to the solvent SA. Again,
. y ) _ the sulfate moiety is available for hydrogen bonding. Upon
Uniike the11043 and 912 cm bands, the %S—Olstre_tch solvation, electron density may be transferred from theSO
at 1153 cm® does not shift significantly {5 crm) with bonds of MHS to G-H hydrogen bonds (the MHS oxygen with

changing composition (ref 39 and unpublished data from our . .
lab) indicating that the &S—=0 stretch is less dependent on a SA hydrogen), reducing the electron density qround the sulfur
atom. The sulfur atom then pulls electron density from the two

the hydrogen bonding. The SA peak shifts indicate that the majorSingly bonded ©-S bonds, shortening their length. Spectro-

sulfuric acid species present in the solution changes frgm H 7 o . .
: . . scopically, this is observed as a shift to higher energy for the
SO, at high SA to HS@ in lower SA regimes due to singly bonded OSO, vibration.

protonation of the methanol. In the 0.5SA/MeOH reaction )

methanol, giving MeOkL" + MeOH. is alsq located on the oxygens of thg=6 bonds. However,

The peak position for the ©C symmetric stretch is 1003 solvation of DM_SQ by SAis s_,tencally h|r_1_dered by the presence
cm-in Figure 4a, indicating the methanol molecules are either ©f W0 CHs moieties, reducing the ability of 480, to fully
protonated or reacted, and partially or fully solvated by sulfuric S°lvate the molecule. This translates as a smaller energy shift
acid. In IH NMR studies of CRQOH in SA, methanol is for the singly bonded OSO symmetric stretch of DMSO
completely protonated in a 1:1 mixture, and the Hi distance MHS Reaction. Temperature studies were conducted to
in CDsOH,* is larger than predicted due to hydrogen bondfhg.  determine the effect that temperature might have on the extent
Sulfuric acid has two S(OH) available for H-bonding and  of reaction, the formation of MHS versus DM@Cand the
perhaps forms a network involving all the methanol molecules effect, if any, on frequency of the product peak. The reaction
even under the lowest SA concentrations. The @sym- between MeOH and SA was investigated-t5, 23, and 82
metric stretch at 1003 cm in the 0.5 SA per MeOH reaction  °C.
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Figure 7. Methyl hydrogen sulfate in sulfuric acid (calculated in [MeOH]{H2SQy]: versus time (min). The slope of the line corresponds
molality). The singly bonded OSO symmetric stretch+&00 cnt?) to [H*activity]k.

peak area is plotted as a function of concentration (diamonds).
used to fit the data has been previously deterniaed is shown

In the low temperature regime, most relevant to middle and ;| eq 4

upper tropospheric temperatures, the reaction was followed for
a 7SA/1MeOH ratio. The Raman spectra were obtained at d[ROSQH]

several times after the initial mixing, and representative spectra = d[ROH][H,SO,|[H Tactivity] 4)

are shown in Figure 6. Clearly, the800 cnt! MHS product dt

peak is increasing with time as is the peak at 1044%ctue to [MHS]

HSOs~ in the SA/HSQ™ complex. The peaks at912 cnt St S [H " activity]kt (5)
due to the in-phase S(Oi¥tretch and the 1153 crh peak [MeOH]{[H,SO;

due to thevs O=S=O0 decrease with time. These observations
are consistent with the formation of MHS and related solvent  Plotting eq 5 as a function of time gives a straight line with
changes from the MeOH- SA reaction. The singly bonded a slope corresponding to ftactivity] multiplied byk. The slope
OSO symmetric stretch peak is observed at a higher frequencyof the line is determined to be 0.0149 0.1164. (Forcing the
than the characteristic DMSOpeak position (Figure 4b), intercept through zero gave a slope of 0.0t06Zhe value of
indicating that no DMSQ@ is formed (detection limits were  [HTactivity]k is then determined to be 2.48107* s 1. (Because
determined to be 0.01& for DMSO, (~700SA + ~50H,0/ of the high concentration of the sulfuric acid used in the kinetics
1DMSQy)). studies, the Hammett acidity function cannot be used to
To determine the extent of reaction between methanol and determine the activity!} Using an activity for H of 7.42%
sulfuric acid for the low temperature study, the area of the singly produces a rate constakif 3.4 x 1075 s™1,
bonded OSO symmetric stretch peak of known concentrations This rate constant value is slightly different than that from
of MHS in SA was plotted as a function of concentration as a other experiments that produced values of690~7 s (mol
calibration curve and is shown in Figure 7. According to the per 1000 g solution) in 70.4 wt % SA at 25°C3 and 1.9x
reaction sequence, water is also produced as a product and i40~4 s~ using SO, at an equivalent of 70.62 wt % SA at 25
therefore included stoichiometrically in the calibration curve °CA2Increasing the equivalent wt % SA to 77.05 wt % increased
concentrations. The extent of the MHS calibration curve is the rate constant by a factor of 5 to 9.¥510~4 s~1.42 More
limited by the solubility of MHS in SA. The concentration of  recently, Knudsen cell studies measured the uptake constants
MHS in the reaction mixture is derived by this method. The for methanol by SA solutions? Kane and Letimeasured rate
data shown in Figure 8a was obtained atlp + 2) °C for constants of 0.£10 s™! for methanol uptake at 213 K in 65
initial conditions of 7SA/1IMeOH. From Figure 8a, the MHS 80 wt % SA solutions. From uptake measurements, ktai?
yield is determined to be (9% 2) % for this low temperature  determined a maximum rate constakts 3 x 107° s71, for
study. the reaction between methanol and SA at 72.2 wt % SA for
From the low temperature experiment, a rate constant wastemperatures of 197223 K. Differences in surface uptake
determined from the data plotted in Figure 8a. The rate law versus bulk reaction, temperature, experimental technique, and/
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Figure 9. Surface tension measurements of methyl hydrogen sulfate
in sulfuric acid (blue diamonds), dimethyl sulfate in sulfuric acid (pink
squares), and reaction mixture of methanbl sulfuric acid (red
triangles). The surface tension of 96.6 wt % sulfuric acid is shown as
a green dotted line.

Figure 10. BBSFG spectra of methanol reduced by a factor of 3 (grey),
methanol in HCI (green), the reacted mixture of methahdulfuric
acid (red), methyl hydrogen sulfate in sulfuric acid (blue), and dimethyl
sulfate in sulfuric acid (pink) in the Céistretching region.

or sulfuric acid concentration may explain the differences in the .C.:H; symmetric stretch, and the.two Ferm| resonances.
Additionally, a small peak at 2980 crhis assigned to the CGH

rate constants. . o .
asymmetric stretch. Methanol at its-aimeat methanol interface

The low temperature studies did not reveal evidence for the i5 ‘somewhat ordered with its methy! groups pointing toward
formation of DMSQ. Room temperature and high temperature iq g phasé?

studies were completed as well to further explore the possibility Three peaks are observed for MeOH in HCI at 2840 tm

of DMSO, production. MHS formation was noted by the (fit to 2843 cnmY), 2920 cmL, and 2947 cm (fit to 2957 cm'Y)

Ergggnccfrff the singly bonded OSO symmetric stretch peak atand are given the same assignments as those for neat MeOH

) ) ~although a fourth peak, the methyl asymmetric stretch, is further
For DMSQ, production, neither the room temperature studies ghjted to higher energy. Overall, there is a shift to higher energy
nor the high temperature studies provide evidence for DMSO  for MeOH in HCI versus neat MeOH in the BBSFG spectrum
formation. However, DMS® formation is not necessarily  shown in Figure 10, which is also observed in the Raman
expected without the aid of a catalyst. A search of the spectrum of Figure 2b. The blue shift is due to shortening of
literaturé®#“gives several patents for the formation of DMSO  the CH bonds from protonation of the OH group.

suggesting high temperatures and the addition of dimethyl ether .o stretching regions of MHS, DMSQand the MeOH

are required. + SA reaction mixture of Figure 10 are shifted to higher energy
Surface Studies. To further understand the reaction of relative to neat MeOH. The spectra of MHS and DMS®
methanol and sulfuric acid as it relates to atmospheric aerosolsa are similar, and the reacted mixture MeQ+HSA spectrum
growth, a surface study with surface tension measurements ands comparable to both, with two observed peaks at 2856'cm
sum frequency generation was undertaken. Surface tension datgfit to 2856 cnt?) and 2968 cm! (fit to 2970 cnt?l). Peak
for MeOH + SA, MHS in SA, and DMSQ@in SA at varying assignments are consistent with the Raman assignments. The
SA to solute ratios are presented in Figure 9. As the SA CH;asymmetric stretch modes have shifted to higher frequen-
concentration increases, the surface tension measurements tengles relative to neat MeOH and MeOH in HCI.
toward the surface tension of 96.6 wt % SA, suggesting that  po|arization BBSFG studies were also conducted to elucidate
the alkyl sulfate species are not preferentially segregating to grientation effects; however, poor signal-to-noise due to small
the air-liquid interface particularly at SA/solute ratios greater SgG transition moment strengths for the Qitretching region
than 5:1, and that the surface forces resemble those of highlyomy allowed an estimate that the @Hsymmetric stretch
concentrated sulfuric acid. Surface tension measurements ofiransition moment which bisects the ggroup is somewhat
butanol in sulfuric acig-water solutions found similar results perpendicular to the surface plane. This is based on the intensity
and concluded that addition of SA to water suppresses surfaceratio of the SSP to the SPS (spectrum not shown here) SFG
segregation of butanol by protonation and conversion te Bu CH, symmetric stretching peaks.
sulfate specie¥! Also, an ultrahigh vacuum surface study of  There is a decrease in signal intensity of thes@ymmetric
SA monolayers suggested that propanol segregates into the bullgtretch relative to the higher energy Fermi resonance peak for
before undergoing reactidf. the MeOH in HCI (1:1), the MeOH SA (1:2), and the MHS
Surface vibrational spectroscopy was used to provide insight (1:2) and DMSQ (1:2) relative to neat MeOH (2:1). Normaliza-
into the equilibrium surface structures and surface number tion of the BBSFG spectra in Figure 10 to equalize number
density. The BBSFG spectrum of the CH region was obtained density of bulk concentrations reveals interesting changes in
from the air-liquid interface of neat methanol, MeOH in HCI,  the intensity as shown in Figure 11a. These observed intensity
DMSO, and MHS in SA, and the MeOHr SA reaction mixture.  changes are dissimilar from the Raman spectra in which the
(BBSFG spectra of lower spectral regions in particular the 800 intensities were also normalized to the number density of the
cm~* region are planned. Producing short IR laser pulses in solute. The equalized number density Raman spectrum is shown
this spectral region is nontrivial.) The BBSFG spectrum of neat in Figure 11b. In Figure 11a, the MeOH in HCI surface spectrum
MeOH is consistent with previously obtained speé&Reaks has the highest intensity, which is consistent with increased
observed at 2832 cm (fit to 2835 cn1l), 2910 cm? (fit to ordering of protonated surface methanol in addition to charge
2898 cntl), and 2944 cm! (fit to 2847 cntl) are assigned as  effects. The reacted mixture of MeOHSA normalized surface
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