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Competition between DPPC and SDS at the Air-Aqueous Interface
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Vibrational sum frequency generation spectroscopy is used to study the interactions of the charged soluble organic
surfactant sodium dodecyl sulfate (SDS) with an insoluble 1,2-dipalm#&ieglycero-3-phosphocholine (DPPC)
monolayer at the airaqueous interface. Results indicate that the surfactant species compete for surface sites in the
mixed system, with a lower monolayer number density of DPPC molecules being observed in the presence of dodecyl
sulfate anions at the interface. Spectroscopic results also indicate that fewer dodecyl sulfate chains reside at the
interface when the insoluble DPPC film is present. Increased conformational ordering of the acyl chains of both the
DPPC molecules and the interfacial dodecyl sulfate anions is observed in the mixed system. Additionally, charged
surfactant SDS promotes the alignment of the interfacial water molecules even in the presence of a DPPC monolayer.

Introduction amphiphilic biomolecules, these experiments are also applicable
o studies of the interactions of biological surfactants and

For several years, it has been recognized that organic surfactan
membranes.

like molecules may play an important role in the chemistry of
atmospheric aerosols® These surfactant species are long-chain
hydrocarbons attached to various functional groups, including ) i o
sulfates, phosphates, alcohols, and carboxylic acids, among others, VSFG Theory. Detailed theoretical descriptions of the sum
Insoluble long-chain hydrocarbons with polar headgroups form ffeduency process are available in the literatéré! Only a brief
films at the surface of aqueous aerosols in an inverse mice”edescrlptlon of this technique is presented here. VSFG is a second-

. tion in which th lar head iate with th order nonlinear optical technique that provides vibrational spectra
contiguration in which the polar headgroups associate wi € of interfacial molecules. In VSFG, the sum frequency beam is

aqueous subphase and the nonpolar hydrocarbonta_lls are Or'enteﬁienerated by spatially and temporally overlapping a visible beam

toward the gaseous atmosphé&feSuch surfactant films may  with an infrared beam at a sample surface. The resulting sum

have important effects on atmospheric processes, such as thérequency beam has a frequenaysre that is the sum of the

uptake of species from the atmosphere and the evaporation offrequencies of the two incident beams,s andwir (eq 1).

water from the aqueous aerosol céréln addition to the insoluble

species, surfactants of a more hydrophilic nature, such as oxidized Wspe= Wyis T O (1)

organic compounds and shorter-chain hydrocarbons, likely exist . o

both in the aqueous core and at the surface of atmospheric aerosold.he detected sum frequency signal originates from the molecules

The possibility for various surfactants to compete for surface "esiding at the interface between two isotropic bulk phases and

sites at the aerosol ataqueous interface has been postulated provn.jes.molecular-.level structural |nformat|orj ofthege molecules.
) 10 . . . Polarization analysis of the sum frequency signal aids in spectral

previously® Because of the wide variety of organic surfactants interpretation

that are beli_eved to ex?st in atmospheric gerosols, afundamer_nal| The intensi'ty of the sum frequency signal is shown in eq 2.

understanding of the interactions of various surfactant species

at aqueous surfaces is necessary to understand the processing of 95°5(q) [] |E“Sery (@ EMSER 2 ovis o 2)

such aerosols in the atmosphere. ’

The foIIowing is a vibrational sum frequency generation l@sre, 1vis, andl®r are the intensities of the sum frequency, incident
(VSFG) spectroscopy study of the interactions of a soluble organic visible, and incident infrared beams, respectivel?) is the
surfactant and aninsoluble lipid film at the-amiqueous interface.  macroscopic second-order nonlinear susceptibility tensor for the
The soluble organic surfactant used in this study is sodium dodecylinterfacial molecules, and the absolute square term is the electric
sulfate (SDS). The insoluble surfactant film found at the aerosol field at the interface, where the indicatBderms include Fresnel
surface is modeled using a dipalmitoylphosphatidylcholine facto_rs that descrlb_e the relationship betw_een th_e induced nonlinear
(DPPC) monolayer spread at the-aivater interface. Because polarization of the interface and both t_he incoming b_eams and the
DPPC monolayers serve as useful models for biological generated sum frequency beam. Detailed mathematical representa-

tions of the Fresnel factors can be found in the literaté#&18.19
membraned and SDS can be used as a model for soluble
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Scheme 1. Simplified Structures of DPPGs, (Top) and SDS,s (Bottom)
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%@ is composed of a nonresonant term and a sum of resonantamplifier is seeded by half of the output from a mode-locked Ti:

terms (eq 3). sapphire laser (Spectra-Physics Tsunami) and is pumped by a
Q-switched all-solid-state Nd:YLF laser (Spectra-Physics Evolution-
|X(2)|2 = Mj& + z X(UZ)|2 (3) 30). The output of the femtosecond regenerative amplifier (800 nm
= center wavelengthy-300 cnt! bandwidth, 85 fs pulse duratici)
is used in an optical parametric amplifier (OPA, Spectra-Physics
72, the macroscopic nonlinear susceptibility for a vibratigris OPA-800CF) to generate broad bandwidth infrared puls&00
related to the molecular hyperpolarizability for that vibration, as €M *in boththe C-Hand C-D stretching regions). The wavelength
shown in eq 4. region of the infrared output is selected by angle tunifigbarium
borate crystal in the OPA. The broad bandwidth infrared beam is
X(Z) =NY & B 4) spatially and ter_nporally overlapped at the sar_n_ple surface with the
v ;} K:Imn=~y output of the picosecond regenerative amplifier (800 nm center

wavelength, 15 cm' bandwidth, 2 ps pulse duratidA}o generate

Nrepresents the number density of the surface speiespresents the broad bandwidth sum frequency bean300 Cm.l in both the .
the molecular hyperpolarizability for thevibrational modeyjk:imn C—Hand G-D stretching regions). A co-propagating geometry is
represents an Euler angle transformation between the Iaboratoryused for the V|s!ble and infrared beam_s, and th_e reflected_sum
reference frame (denoted by subscrlpfsandK) and the molecular frequency bea”.‘ IS dEteCted: In the following experiments, the input
reference frame (denoted by subscriptsn, andn), and [ - -0 energy of the .V'S'bl.e beam is 30@’ and the Input energy .Of the
represents an average over the orientational distribution of thelnfrared beamis 5‘.] inthe C—D(eglon and gJin the C-Hregion.
molecules. The representation of the molecular hyperpolarizability The angles of the infrared, visible, and sum frequency beams from

in the molecular reference frame is given in eq 5. the surface normgl.are 69, 58_’ ano°,§£ésp_ectively.
The reflected visible beam is spatially filtered after the sample,
9|04y | v B, 9T and all residual light is optically filtered by two short-pass (SPF-
Bimny = —————— (5) 750, CVI, Albuquerque, NM) and two notch (Kaiser Optical Systems,

wR ~ @, T, Inc., Ann Arbor, MI) filters positioned in the sum frequency beam

] o . ) line. The sum frequency beam is dispersed by a 1200 g/mm grating
w, is the frequency of the vibrational transitidnis the natural line blazed at 750 nm in a 500 mm monochromator (Acton Research,
width of the transition[g|ayy|vLis the Raman transition moment,  gpectraPro SP-500) and then detected by a liquid-nitrogen-cooled
and_L|un|glis the infrared transition moment whegés the ground CCD (Roper Scientific, LN 400EB, back-illuminated, 1340400

vibrational state and is the excited vibrational state. When the pixel array). The monochromator is controlled using SpectraSense
frequency of the incident infrared beam approaches the frequencysoftware (Acton Research, version 4.4.0).

of the V|b2ra_1t|onal transitionwir — w, approaches zero, and the Sum frequency peak positions are calibrated in théiGtretching
value ofxf, Jincreases, resulting in an increase in the intensity of the region using the absorption bands of a polystyrene film positioned
sum frequency signal. Furthermore, the molecular hyperpolarizability iy the infrared beam line during the acquisition of a sum frequency
is nonzero only when the Raman and infrared transition moments spectrum of a GaAs crystal. In the-® stretching region, sum

are nonzero. Thus, a vibrational mode must be both Raman- andfrequency peak positions are calibrated using the absorption bands
infrared-active in order for it to be SFG-active. Symmetry constraints of gmbient CQ vapor. Background spectra are acquired for each
grising from this selection rule lead to the requirgment for a lack of sample by disrupting the temporal overlap of the beams, and the
inversion symmetry for sum frequency generation to be allowed. packground-subtracted sum frequency spectra are normalized to the
Macroscopically, this requirement is fulfilled at interfaces between nonresonantsignal from a GaAs crystal surface. Polarization selection
two isotropic bulk phases. Sum frequency generation is forbidden js achieved using a Mgfvindow in the infrared beam, a half-wave

in bulk phases where the molecules experience a centrosymmetricy|ate in the visible beam, and a Glan polarizer in the sum frequency

environment. The molecules residing at the interface between two heam, The resolution ofthe BBSFG system is approximately 8.
isotropic bulk phases experience a noncentrosymmetric environment Materials. 1,2-Dipalmitoylsnglycero-3-phosphocholine (DPPC)

and are SFG-active by this selection rule. Furthermore, a bilayer : : )

L ; ) . : and 1,2-dipalmitoykn-glycero-3-phosphocholinds, (DPPCésy)
exhibiting perfect Inversion symmetry would be SFG-inactive, were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL). Sodium
whereas sum frequency signal would result from a monolayer or dodecyl sulfate (SDS, 99%, ACS reagent grade) and chloroform

trilayer. >99.8%, ACS spectrophotometric grade) were obtained from Sigma-
Instrumentation. The broad bandwidth sum frequency generation ,(’-\_Idriéh. éodiumpdode(?yl sulfateys (gSDS<):125, 98%) was obtaineg

Eggjli?gtfv%e;%%wfféi2(1Segt1e[élt?£glf:Céaessgliﬁﬁzrlltgmfsgsciifjwa?ndfrom _Cambridge Isotope Labc_)ratories,_ Inc. (Andover, MA). A.”

- : femt d d - dvisibl chemicals were used as received. Deionized water was obtained
picosecond versions) to produce fem osecondandpicosecondVvisiolg,, ;5 Barnstead Nanopure filtration system with a minimum
pulsed laser beams with 1 kHz repetition rates. Each regenerat'veresistivity of 18.2 M2 cm.
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Figure 1. Surface pressurearea compression isotherms of DPPC
(top) and DPPGs;, (bottom) with phases labeled: G, gas; LE, liquid-
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of SDS or SDSd,s, the VSFG signal of the lipid was monitored in
the SSP polarization combination until stability was observed. After
the stabilization of the signal, VSFG spectra were recorded in relevant
polarization combinations SSP, SPS, and PPP. The VSFG spectra
of the lipid monolayer on the two subphases were compared.
Unlike the experiments used to probe the lipid molecules, in which
the same sample was probed both before and after injection of SDS
(or SDS4,s) into the subphase, the experiments used to probe the
interfacial deuterated dodecyl sulfate chains compare two separate
samples. In the first sample, concentrated SSvas injected into
20 mL of water in a Petri dish to far a 2 mM SDS+,5 solution
in the absence of the lipid monolayer. The second sample differs
from the first sample only in that the lipid monolayer was present
at the air-aqueous interface. For both samples, the VSFG signal
(SSP polarization combination) from the deuterated dodecyl sulfate
anions at the interface was monitored after injection until stability
was achieved. Spectra were then obtained in relevant polarization
combinations SSP, SPS, and PPP and compared for the two systems.
All reported spectra are the average of up to three 2-min
acquisitions and are normalized to the nonresonant VSFG signal
from a GaAs crystal surface. It should be noted that the reported
experimental observations are for a nonequilibrium system. Because
processes unrelated to the interactions between the DPPC and SDS
molecules become important on longer time scales, a long-tedm (

expanded; and LC, liquid-condensed. G-LE and LE-LC are areas h) state of equilibrium, defined by spectral stability, was not

of coexistence of the specified phases.

Method. Experiments were performed to separately investigate
the insoluble lipid film, DPPC or DPP@s,, and the soluble surfactant,
SDS or SDSd;s. Simplified structures of the deuterated species,
DPPCédg,and SDSd,s, are shown in Scheme 1. To study the insoluble
film, 12.0 uL of the lipid of interest ¢1 mM DPPC or DPPQls,
in chloroform) was spread on 20 mL of water in a Petri dish (5 cm
diameter) using a 56L Hamilton syringe. The resulting film (lipid
monolayer in equilibrium with its bulk liquid phase) had an initial
surface pressure of 48 mN/m before solvent evaporation.

After waiting 10 min to ensure the complete evaporation of
chloroform and spreading of the lipid, we obtained VSFG spectra
of the lipid monolayer at the atwater interface in relevant
polarization combinations. SSP (S-polarized sum frequency, S-
polarized visible, P-polarized infrared), SPS (S-polarized sum
frequency, P-polarized visible, S-polarized infrared), and PPP (P-
polarized sum frequency, P-polarized visible, P-polarized infrared)

obtainable. Nonetheless, the reported VSFG spectra showed stability
and were reproducible for the acquisition period. However, significant
and continuous changes in the spectra were observed over longer
periods of time. Because of the variety of processes that might occur
onlong time scales (such as evaporation, adsorption of the surfactants
to the glass dish, solubilization of the lipid, eté®f2only the initial
spectral changes can be clearly interpreted as originating from the
interactions between SDS and DPPC, as reported herein. Peak
frequencies are reported as the observed frequencies, not from spectral
its.

Results and Discussion

To determine how soluble surfactant SHOg-affects the
molecules of a DPPC Langmuir monolayer at the-aiqueous
interface, VSFG SSP spectra of a DPPC monolayer were obtained
in the C—H stretching region both before and after injection of
concentrated SD8,s into the water subphase and are shown in

polarization combinations are used for these experiments. The electridmigure 2a. Because the SQigs molecules are fully deuterated,

field is perpendicular to the plane of incidence for S-polarized light
and is parallel to the plane of incidence for P-polarized light. Upon

the VSFG signal originates solely from the DPPC molecules at
the air~aqueous interface. VSFG spectra for all polarization

evaporation of the solvent, the surface pressure dropped by a fewsqmpinations of the DPPC monolayer on water and $BS-

mN/m and continued to drop slowly over time. The spectroscopic

measurements were obtained while the phospholipid monolayer was
in the liquid-condensed phase. The phases of the lipid monolayer

are labeled on the surface presstaeea compression isotherms of
DPPC and DPP@s, shown in Figure 1. The phases represented on
the isotherms are characteristic of these phosphofipi#éand follow
the labeling conventions reported elsewhere in the liter&ffre.
Concentrated SDS or SD&s solution (~17 mM in water) was
injected into the water subphase g1l mLHamilton syringe to
form a 2 mM SDSsubphase. To prevent disruption of the lipid
monolayer during the injection process, the Petri dish had a small
glass tube 0.3 cm diameter half-cylinder) attached vertically to
its inner wall. The lower edge of the tube is approximately 0.5 cm

above the bottom of the dish, and the upper edge of the tube is

subphases are shown in Figure2a

The observed peaks in Figure 2 have contributions from the
vibrational resonances of both the acyl chains and the phos-
phocholine headgroups of the DPPC molecules. In the SSP
spectrum of the DPPC monolayer on a water subphase (Figure
2a, black spectrum), the small peak at 2840 €im assigned to
the CH symmetric stretch (SS) of the acyl chains, the peak at
2872 cnt is assigned to the GHSS of the acyl chains, the
shoulder at 2905 cri is assigned to the CH-ermi resonance
(FR) of the acyl chains with a contribution from the €8S of
the phosphocholine headgroups, and the peak at 2946ltas
contributions from the CEFR and CH asymmetric stretch (AS)

approximately 1 cm above the upper rim of the dish. The tube provides ©f the acyl chains and the GHAS and CH SS of the
direct access to the subphase without requiring the needle to penetrat®hosphocholine headgroups. In the spectrum of the DPPC

the lipid monolayer at the aitwater interface. After the injection
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(27) Kaganer, V. M.; Mohwald, H.; Dutta, Rev. Mod. Phys1999 71, 779.

monolayer @ a 2 mM SDSd,s subphase (Figure 2a, red
spectrum), the peak at 2876 chis assigned to the G+5S of
the acyl chains, the shoulder at 2905dris assigned to the CH

(28) Gaines, G. L., Jrlnsoluble Monolayers at Liquid-Gas Interfaces
Interscience Publishers: New York, 1966.

(29) Adamson, A. W.; Gast, A. PPhysical Chemistry of Surface8th ed.;
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acyl chain CH groups is a signature of conformational disorder

by Meister and co-workers of a small increase in the order of
the acyl chains of DMP@s4 molecules upon incorporation of
SDS into a DMPCdss monolayer using reflecticrabsorption
infrared spectroscopy (RAIRS].

The increased VSFG intensity from 2975 to 3050éin the
B spectrum corresponding to the SEig-subphase compared to
that corresponding to the water subphase is assigned to aligned
interfacial water molecules. The electrostatic field created at the
interface by the charge on the sulfate headgroups of the deuterated
dodecyl sulfate anions promotes increased alignment of the water
molecules at the interfacé.

Additional differences exist between the spectra in Figure 2a,
but the multitude of vibrational resonances contributing to the
observed peaks makes interpretation difficult. Although the
analysis of additional polarization combinations SPS and PPP
are helpful in deciphering vibrational assignmefithese spectra
do not allow the complete deconvolution of the overlapping
spectral resonances. Therefore, to separately determine the effects
of SDS+4ys0n the acyl chains and the phosphocholine headgroups
of the lipid molecules, experiments using various combinations
of DPPCds,, SDS, and SD$hsin the C-H and C-D stretching
regions were performed. The interfacial deuterated dodecyl sulfate
anions were also investigated in the-D stretching region in
the presence and absence of a DPPC monolayer.

0 ; e The vibrational resonances exclusively from the lipid head-
group are selectively probed in the-El stretching region using
2750 2800 ?850 2300 2950_13000 a DPPCds; monolayer on both water and 2 mM SRigs
Incident Infrared (cm ') subphases, and the resulting spectra are shown in Figure 3.
Figure 2. VSFG spectra probing DPPC molecules in the kC Because DPP@s, molecules have deuterated acyl chains and
stretching region. (A) SSP polarization combination: water subphase non-deuterated headgroups (refer to Scheme 1), only the
(black) and 2 mM SDS,s subphase (red). (B) Water subphase: vibrational resonances of the DPRig-headgroups are probed
SSP (blue), PPP (green), and SPS (orange). (C) 2 MM &BS-  jn these experiments. Figure 3a shows the VSFG spectra, SSP
subphase: SSP (blue), PPP (green), and SPS (orange). polarization combination, of the lipid monolayer both before
. . o (black spectrum) and after (red spectrum) injection of the
FR of the acyl chains with contribution from the @8BS of the o centrated SD8,s solution into the water subphase. VSFG
phosphocholine headgroups, and the peak at 2952 tvas spectra of the lipid headgroup on water and SiSsubphases
contributions from the CKHFR and CH AS of the acyl chains i, 5 polarization combinations were obtained (Figure 3b,c) but
and the CHAS and CH SS of the phosphocholine headgroups. 416 of insufficient signal/noise to provide insight beyond
Acyl chain assignments are from Liu and Conii8yand qualitative clarification of the spectral assignments.
headgroup assignments are from Conbioghe polarization data Following the spectral assignments for the phosphocholine
in Figure 2b,c are useful for spectral interpretation. For example, headgroup proposed by Conboy and co-worRe?s,peaks
Lu and co-worker® developed polarization selection rules using corresponding to the GHBS (2909 cm?), the Ch AS, (low-
molecular symmetry arguments that provide verification of the frequency side of the 2956 crhpeak) ar;d the CKISS (high-
above assignments_ Wh_en used in conjunction with the experi-frequency side of the 2956 Crﬁpeak), are present in the SSP
mental VSFG pglgrlzat|on data. spectra (Figure 3a) both before and after injection of IRS-

Each acyl chain in a DPPC molecule has an even number (14)intq the subphase. In the spectrum of the DRREheadgroups
of CH, groups. For an_all-trans co_nfigur_ation, adjacent methylene on the SDSd;ssubphase (red spectrum), a broad VSFG intensity
groups are in an anti conformation with al-€ bonds of the  h5¢ increases with increasing wavenumber is assigned to the
chain residing in the same plane. For such a configuration, local jigned interfacial water molecules caused by the charge of the
inversion symmetry exists between adjacent pairs of methylene yeterated dodecyl sulfate anidhisThis broad intensity con-
groups in the acyl chains. The SS resonances of thegBips  ripytes to the enhancement of the observed DERGeadgroup
are not SFG-active for an all-trans configuration because a 'aCkpeaks in the spectrum corresponding to the $RSsubphase

ofinversion symmetry is required for sum frequency activfy? compared to those for the water subphase. The enhanced
The presence of a peak corresponding to the SS vibrations of the

- C-H Stretch Region A in the chains. In Figure 2a, a peak assigned to the £Hof the
3F DPPC acyl chains s presentin the spectrum corresponding to the water
C SSP subphase and is absent in the spectrum corresponding to the
" acyl (SDS-d25) SDSdzssubphase, indicating that the DPPC molecules are more
2 CH2 SS sSSP conformationally ordered (i.e., have fewer gauche defects) in the
- : (Water) presence of SD8ss. This resultis consistent with the observation

™
IIIIIIIIIIIIIIIIIII

BBSFG Intensity (a.u.)

™
IIIIIIIIIIIIIIIIIII
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Figure 3. VSFG spectra probing the headgroups of DRRECH Incident Infrared (cm ')

the C-H stretching region. (A) SSP polarization combination: water Figure 4. VSFG spectra probing the acyl chains of DP&Gin
subphase (black) and 2 mM Shigs subphase (red). (B) Water  the G-D stretching region. (A) SSP polarization combination: water
subphase: SSP (blue), PPP (green), and SPS (orange). (C) 2 MMyypphase (black) and 2 mM SDS subphase (red). (B) Water
SDSds subphase: SSP (blue), PPP (green), and SPS (orange). subphase: SSP (blue), PPP (green), and SPS (orange). (C) 2 mM

. . . . SDS subphase: SSP (blue), PPP (green), and SPS (orange).
interfacial water signal in the presence of soluble surfactant SDS- top (blue) @ ) ( ge)

dys is direct spectral evidence that SOgs- affects the air

; : . molecules on a water subphase. The presence of,é85GHbeak
aqueous interface even in the presence of a DBCangmuir b P Hh

I indicates that gauche defects are present in the acyl chains of the
m(_)rr;]o ayerl. hai f the linid lecul tudied usi DPPC molecules on a water subphase. This inconsistency is
Dppgdacy c allns 0 E 'ﬁ' mo ecudezs arl\t/la ;E)Jsle buskllng a possibly explained by a reduction in oscillator strength for

. 52 Monolayer on both water and 2 m SUBPNASES o terated methylene stretching modes compared to that for non-
!nth_e C-D stretching reglo_n,_andthe resulting spectraare ShOWF‘ deuterated methylene stretching modes, which translates to
in Figure 4. Because the lipid hea(_jgrogps are not deuterated II"improved detection limits for gauche defects in the acyl chains
the DPP.CGIGZ moleculeg, only the V|prat|onal resonances of the of the non-deuterated DPPC monolayer. Therefore, on the basis
acyl chains are selectively probed in these experiments. In theof Figure 2a, DPPC molecules possess a detectable fraction of
SSP spectrum of the DPPdg> monolayer on water (Figure 4a, gauche defects in the monolayer on water.

bzl?)(;lf) spr)rercl:trquD); It:hRe gela;I;s %?sen;é:(érg ipg ngztfsthﬁiﬂ) In Figure 4a, the CBSS peak in the spectrum corresponding

(f th ¢ )I hain (f DPPC@ )2’2%6 Th m( vibrcti 3 | to the lipid monolayer on the SDS subphase (red spectrum) has
ot the acyl chains o 62 € same ationa a lower intensity than in the spectrum corresponding to the water
resonances contribute to the peaks (_)bserved inthe SSP Spedm@hbphase (black spectrum). Because sum frequency intensity is
of _T_T]e mt())norllayerfo\r/]SZFgl}/lntSrl?Sit(Fi;]gtjhre r4a,ir?‘d sE)rectrurrr]zin a function of both number density and orientational order, the
to theeCBZeS (C; oroximatel 2e 1go)érh)36i§b?)tghc; g((:)traesﬁgwn 9 decrease inintensity of the GBS peak observed upon injection
g pp yell P . of SDS into the subphase must be a result of either a decrease
in Flgure_4asuggeststhatth_e I|p|d_moleculesare conformatlonallyin the number density of lipid molecules in the monolayer at the
ordered in an all-trans cor_1f|gurat|on'on both the water a_nd S.DS interface or a change in the orientation of the terminal methyl
subphases. However, this conclusion appears to be in dlrectgroups of the DPP@, acyl chains
conflict with the results of Figure 2a, where a peak assigned to 2 .

25 ) As explained in detail by Ma and Alle#§,the average angle
the CH SS of the acyl chains is readily observed for DPPC of the Cs axis of the terminal methyl groups of the DPRIG-

(36) Yang, C. S. C.. Richter, L. J.; Stephenson, J. C. Briggman, KaAgmuir acyl chains from the surface normal can be estimated using the
2002 18, 7549. ratio of eqs 6 and 7 below.
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12 (CD,SS)="1,NB . JcosO(1 + r) — cos6(1 — r)] (6) C-D Stretch Region

1.5
1SSHCDAS) = —NpJeosd —cos 0] (7) SDS-d25 csp
1.0
xZ.(v) is the macroscopic second-order nonlinear susceptibility (DPPC ggssm)

of the specified vibratiom in the SSP polarization combination,
N is the number density of interfacial moleculgm, is the 0.5
specified molecular hyperpolarizabilit§,is the average orienta-
tion angle of theCs axis of the terminal methyl groups from the
surface normal, andis the ratio faad/(Bccd- Here,r is equal 0.0
to 2.3%7 and Bcag/(Baad is equal to 4.283% The ratio of the

(DPPC Present)

water subphase and negligible for the SDS subphase, equivalent 0.5

0 values for the DPP@s, molecules on the two subphases

translates to equivalent chain tilt angles for the DRRE-

molecules on the two subphases. Because a significant change 0.0

in the orientation of the DPPC molecules on the two subphases

is not observed, the decrease in VSFG intensity for the DPPC- 2000 2100 2200

ds, monolayer on the 2 mM SDS subphase compared to the Incident Infrared (Cm'1)

Water_subphase is attributed toadecregsemthe monolayern_umbe,gigure 5. VSFG spectra probing the SDs chains in the €D

density of DPPQds; molecules at the interface. The formation  stretching region. (A) SSP polarization combination: in the absence

of aggregate structures of DPRIg> in the presence of SDS  (black) and presence (red) of the DPPC monolayer. (B) Inthe absence

cannot be discounted because any inversion symmetry associatedf the DPPC monolayer: SSP (blue), PPP (green), and SPS (orange).

with 3D aggregates would appear spectroscopically as a decreaséC) In the presence of the DPPC monolayer: SSP (blue), PPP (green),

in monolayer number density based on the selection rules for @"d SPS (orange).

VSFG. Previous studies using Brewster angle microscopy and

fluorescence microscopy have shown that the penetration ofregion in both the presence and absence of a DPPC monolayer,

soluble surfactants into insoluble monolayers can affect the and the resulting VSFG spectra are shown in Figure 5. Because

aggregation properties (including the sizes and shapes of domainsgum frequency generation is an interface-selective spectroscopic

and phase transitions of the insoluble film at the interf&dést technique, only the deuterated dodecyl sulfate chains at the air

Furthermore, the RAIRS studies by Meister et al. indicated that aqueous interface contribute to the VSFG signal in these

the incorporation of SDS molecules into the insoluble phos- experiments. Additional changes to those described below have

pholipid (DMPCds,) film did not significantly affect the number ~ been observed to occur in the spectra over a longer period of

density of the phospholipid at the surfae consideration of time. As noted previously, several additional processes that might

the different selection rules for the infrared surface study becomeimportantonlongertime scales (evaporation, adsorption

(specifically, the fact that the infrared technique has a finite of the surfactants to the glass dish, solubilization of the lipid,

probe depth and does not necessarily probe only a monolayer)etc.f82° make the interpretation complex and are beyond the

provides support for the possibility of the formation of 3D scope of this discussion.

aggregates of the lipid molecules in the presence of soluble Inthe VSFG SSP spectrum of the Sldgchainsin the absence

surfactant SDS. of a DPPC monolayer, shown in Figure 5a (black spectrum), the
In addition to probing the lipid molecules in this mixed system, peak at 2070 cmt is assigned to the GBS with the shoulder

soluble surfactant SD8;swas also probed in the<€D stretching at 2095 cm! assigned to the CDSS, the peak at 2140 crh

is assigned to the GIFR with some contribution from the GD

(37) Zhang, D.; Gutow, J.; Eisenthal, K. B. Phys. Chenil994 98, 13729. FR, and the peak at 2212 cfris assigned to the CJAS 36 The

T.;(EA?%x’,a\ltf"ggggr'(\)‘gh\ﬁnzggoﬁgg/\i‘g%‘iaggx%%?gf"K';H'rose'c';omake' CD; FR and CD AS of the interfacial SDSbs chains may

susceptibilities of the CPSS to the CR AS is estimated 5 1.5 DPPC Absent B

experimentally by taking the square root of the ratio of the A =

experimental VSFG intensities (component peak areas from 2 N PPP

spectral fits) of the CBSS peak to the CPAS peak. Using this @ 1.0 SSp

method g is calculated to be 164 0.6° for DPPCéds, 0n water g - SPS

and 17.6t 0.6° for DPPCéds,0n 2 mM SDS. The small difference £ L

in 6 calculated for the two subphases is well within the error of i 0.5 -

the calculation. Therefore, the average angle ofGhaxis of tél‘-' -

the terminal methyl groups from the surface normal is virtually o . P, .

the same for the DPP@s, molecules on water and SDS 0.0 p= : —

subphases. 15 DPPC Present C
Because the angle between tgaxis of the terminal methyl B

group and the axis of the acyl chain is fixed for an all-trans chain N PPP

configuration, a change in the tilt angle of the chains from the 1.0 SSp

surface normal accompanies a changé.idssuming that the N

number of gauche defects in the lipid molecules is small for the = SPS

|

(39) Wang, C.-Y.; Groenzin, H.; Shultz, M. J. Phys. Chem. R004 108 contribute to the observed intensity in the 2£5200 cn1?
25%10) Fainerman. V. B.: hao. J.- Vollhardt D.: Makievski. A V.- Li. J.B region38 The presence of peaks assigned to SS resonances of the
Phys. Chem. EL999 103 8998. T T T CD;groups indicates that the SQischains possess some gauche

(41) Vollhardt, D.; Fainerman, V. B\dv. Colloid Interface Sci200Q 86, 103. defects and are not completely ordered at the interface. This
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result is in agreement with previous studies of SDS at the air incorporated into a DMP@s, monolayer using RAIRS* A
aqueous interface that report conformational disorder in the possible explanation for the increase in conformational order of
interfacial SDS chains even at maximum surface covetatfe? the SDSe,s chains is that the presence of the lipid monolayer
Although the VSFG signal from the SD&bs chains appears  at the liquid surface sterically hinders the interfacial SBD$-
immediately after injection in the absence of a DPPC monolayer, chains from adopting disordered conformations with many gauche
the signal first appears approximately 30 min after injection in defects. Because an increase in order is expected to increase the
the presence of a DPPC monolayer. This indicates either a lowVSFG signal, the lower signal observed for SB-in the
number density of interfacial SD&s, a large degree of disorder  presence of a DPPC monolayer compared to that observed in the
in the interfacial SDSs or a combination of these two absence of a DPPC monolayer is attributed to a lower number
phenomena occurring at the interface immediately after the density of interfacial SD$ks. The presence of the DPPC
injection of SDSe,s in the presence of a DPPC monolayer. monolayer limits the number of dodecyl sulfate anions that can
Because a phosphocholine headgroup occupies approximatelyeside at the aqueous surface. However, areduction in the overall
45 A2 at the surfac@? the initial space available for SD&s at DPPCds, monolayer spectral intensity observed for the SDS
the liquid surface is limited. Over time, the Sz anions subphase in Figure 4a indicates that the soluble surfactant does,
compete with the DPPC surface molecules and incorporate intoin fact, lower the monolayer number density of the lipid molecules.
the lipid monolayer, and VSFG signal is observed. Previous
studies also provide evidence for the incorporation of SDS into Conclusions

a lipid monolayer in the liquid-condensed phase. For example,  An investigation of the interactions of a DPPC Langmuir
Meister et al. report a surface pressure increase over time uponmnonolayer with soluble surfactant SDS was presented. Charged
injection of SDS into the subphase of a DMRg-monolayer  syrfactant SDS promotes the alignment of interfacial water
in the liquid-condensed phadt. molecules even in the presence of a DPPC monolayer. In addition,
In Figure 5a, the red spectrum corresponds to interfacial SDS-the soluble surfactant anions influence the conformations of the
dasin the presence of a DPPC monolayer after temporary stability |ipid molecules at the surface. In the presence of SDS, interfacial
of the signal is achieved. This spectrum has similar features to pppC molecules are more ordered (have fewer gauche defects)
the spectrum corresponding to the absence of DPPC (Figure 5agnd have a lower monolayer number density than when residing
black spectrum) but has a much lower intensity. The spectrum on 3 pure water subphase. The presence of the insoluble lipid
of the SDSels chains corresponding to the absence of DPPC monolayer at the airaqueous interface limits the number of
(black spectrum) shows significant asymmetry in thes(I3 soluble surfactant anions that can reside at the aqueous surface
peak due to the presence of a £86 shoulder. However, the  and promotesincreased conformational ordering of the interfacial
spectrum corresponding to the presence of DPPC (red spectrumyouble surfactant chains. These findings are evidence that soluble
has a more symmetric GI3S peak, indicating alower proportion  grganic surfactants have the potential to influence the surface
of gauqhe defgcts and a slight increase in conformational orderstrycture of atmospheric aerosols, which may have important
of the interfacial SDS5 chains in the presence of the lipid  jmpiications in the atmospheric processing of such aerosols.
monolayer. Again, this result is consistent with the observation
by Meister et al. of a small increase in the order of SDS molecules Acknowledgment. We thank the National Science Foundation
(ATM-0413893) for funding this work.
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