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A novel implementation of broad-bandwidth sum-frequency generation (SFG) spectroscopy is presented, which
allows for the simultaneous recording of SFG spectra with different polarization combinations of the SFG,
visible, and infrared beams. This method is particularly advantageous for studies in which surface properties
are time-dependent, such as kinetic studies. The technique is illustrated by a study that mimics lung surfactant
relaxation during the breathing cycle. The time-dependent molecular order of lung surfactant lipids is quantified
through the vibrational response of the terminal;@jtbup.

I. Introduction a function of the polarization of the different fields involved.
Indeed, a promising application of SFG is to obtain the
orientational information of lipids within a mono- or bilayer at
the molecular level. This detailed knowledge is important to
further understand the structatiinction relationship of biomem-
branes. For instance, the outer leaflet of the plasma membrane
of eukaryotic cells contains a significant amount of saturated

molecular orientatiof;® without the need for labels, in a o . . ; ,
. . ’ . v .~ phospholipids (mainly sphingomyelin), which are known to
noninvasive manner. In SFG, an infrared (IR) beam and a visible exhibit high affinity for cholesterol. Cholesterol is also present

(VIS) beam are combined at the surface to generate the SFG. o i .
signal beam with a frequency which is the sum of the IR and in large amountsX25 mol %) in the plasma membrane and is

. . . . : .~ known to have an ordering effect on the generally highly
0
VIS frequen_meé. This process is forbidden in centrosymmetric disordered lipids in the bilayéf.Polarization-resolved SFG can
media but is allowed at the surface where the symmetry is

broken. When the frequency of the IR beam coincides with the proyide informatior_1 on the induced orc_ier_ing of_Iipids upon
resonance frequency of a vibrational transition, the SFG signal ;?g:gzgnor ;xtriﬁsggg g];edlﬁleesitsfrlﬂlénignI?%;ﬁ;ﬁfﬁ%&%
is significantly enhanced, providing the possibility to use SFG >ing . 9 ; .

. o . . spanning protein domains on the ordering of the lipids.
as a spectroscopic tool of surface vibrations. Using picosecond

lasers, surface SFG spectra are collected by scanning the However, orientational information of surface molecules
frequency of the IR laser. In broad-bandwidth or multiplex réauires, in both implementations of SFG spectroscopy, the

SFG!!12the bandwidth of a femtosecond laser IR pulse is used "€cording of at least two spectra under different polarization
to cover a~200 cnm wide window of the vibrational spectrum. ~ conditions (i.e., different measurements) of the incoming and
One advantage of this approach is that the sample response dgMitted fields; in other words, it is still necessary to perform
all frequencies is recorded with every individual laser pulse and Multiple experiments and to compare data that has not been
therefore all data points are recorded under identical conditions.Measured under necessarily identical experimental conditions.
This is unlike the case in picosecond mode where the IR-field Alternative techniques like the polarization null angle (PNAj

is scanned and where the spectrum consists of as many differenf?€thod to improve the accuracy of the determination of
measurements (under potentially different conditions) as there Ofi€ntational parameters all suffer from the fact that data is
are data points. This feature of broad-bandwidth SFG is OPtained from different measurements. The advantage of (near)
particularly advantageous for the investigation of surfaces that Simultaneous determination of the different polarization con-
may change in time, and it has been proven particularly useful tributions to the signal has been shown for various linear
for, for example, kinetic measurements (see, e.g., refslT3. spectroscopic techniques like polarization modulation infrared

One of the enticing features of SFG is its capability to reflection absorption spectroscapy?® and T-format fluores-

determine the orientation of specific molecular (sub) groups with C€NCE anisotropy spectroscofy.

respect to the surface plane by measuring the SFG intensity as In this paper, we present an extension of broad-bandwidth
SFG, which enables the simultaneous measurement of two

Infrared-visible sum-frequency generation (SFG) is becom-
ing an increasingly popular analytical tool in the study of surface
molecular properties. As a surface-specific technique, it provides
the surface vibrational spectrum which contains information
about surface compositidnmolecular conformatiof;® and

t Part of the special issue “Kenneth B. Eisenthal Festschrift”. polarization combinations. This technique circumvents the
*'lll:o IWhom correspondence should be addressed. E-mail: smits@ problem of laser instabilities and changes in the sample over
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*FOM Institute for Atomic and Molecular Physics. time and furthe_r facilitates the SFG measurements, in particular
s Sogang University. the determination of changes in molecular orientation when
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tion-resolved method by a kinetic study of lung surfactant TABLE 1: Overview of the Polarization Combinations
compression and relaxation, which mimics the respiration

cycle?® The main component of endogenous pulmonary sur- SFG (VI) VIS IR
factant in mammals is the lipid dipalmitoylphosphatidylcholine P(PP) p

(DPPC). Its function is to lower the surface tension at the S(PS) M=P/S
alveolar surface during exhalation, reducing the work required S(SP) S

during the respiration cycle. Deficiency of the lung surfactant, P(SS)

particularly with premature infants, results in the (acute) P(PP) p
respiratory distress syndrome. A recent study has investigated S(SP) M=P/S

the collapse of DPPC monolayers by compressing the monolayer S(PS)

beyond its collapsing poirté.?” Also, several studies on DPPC P(SS) S

monolayers using SFG are available, mainly addressing the CH
and CH; groups in the chaf§20 but also recently the Cyand

CHjz groups in the headgroup as well as the phosphate group. of the incident IR or VIS fields is polarized at 4%-between

In the study pre_sented here, a monolayer of neat DPPC on ag_ 54 P-polarized (termed here “M-polarized”), SFG at both
water subphase is compressed from low surface pressure to clos% and P polarization is emitted. As evident from Table 1, when

to the collapsing point using a Langmuir trough, and subse- Er is M-polarized, SFG can be generated in PPP- and SPS-
quently the monolayer is decompressed and is allowed to relax.rnode wherEys is P-polarized (and SSP and PSS wifiq;

During the relaxation process, the molecular response is is S-polarized). The same procedure can be applied when the
monitored in real-time through the spectral features of vibra- ;5 heam is M-polarized as is also indicated in Table 1.
tional moieties within the molecule. As explained elsewhef834 by obtaining the ratio of the
amplitudes of vibrations in different polarization combinations,
the relative values of® can be obtained and the angle of the
When two optical fieldsEys and Er with frequencywvis transition dipole moment of a vibrational moiety can be inferred.
and wr, respectively, are incident on an interface, a second- This method requires the reliable determination of the ratio of
order nonlinear polarizatioR® is induced that oscillates at the  amplitudes obtained from two different spectra. When these

Il. Background

sum-frequencyvsrc = wvis + wir spectra are recorded sequentially, the error in this ratio will be
) ) subject to systematic errors in, for example, polarization purities,
Pi( ) = ;(i(jk)E\,,SJElRk Q) but also to random errors, such as laser intensity fluctuations,

time-dependent sample changes, and so forth. The contributions
Here, yix® represents the nonlinear susceptibility ang and from many of the random errors vanish when using the
k represent one of the Cartesian coordinatesg, or z. Using polarization-resolved method presented here where the spectra
perturbation theory, the expression §g¢#) is obtained for the  are recorded simultaneously. Thus, this approach provides an
case when the IR field is (near-) resonant and the VIS beam isinherently more reliable manner in which to determine molecular

nonresonant. orientation at surfaces.
X(z) _ Aoei"’ n z An - @) . Experlm'ent | |
o — o, il An overview of the experimental setup to measure polariza-

tion-resolved broad-bandwidth SFG spectra is depicted in Figure
Here, Ap represents the nonresonant amplitugie¢he relative 1. Pulses centered at 800 nm of 1 mJ energy at 1 kHz repetition
phase A, the resonant amplitudey the IR frequencyw, the rate from a commercial femtosecond (pulse duration 100 fs)
resonance frequency, aig the width of the resonance. The laser system (Coherent) were used to generate tunable mid-IR
intensitylskc of the sum-frequency field that is emitted can be pulses in an optical parametric generator/optical parametric

obtained using the nonlinear Fresnel factof amplifier (TOPAS, Lightconversion) and of 0.5 mJ to generate
the narrow band visible field centered at 800 nm (with a
lsra 0 (L,PP)? 3) bandwidth of 5 cm? using two etalons in series (with free

spectral ranges of 9 and 25 nm, respectively). For the experi-

For an isotropic surface, seven nonzero tensor elements existments described here, the infrared field is centered at 2906 cm
As a result, there are only four polarization combinations for with a bandwidth of 200 cm. The IR frequency was set to
which SFG is generated, namely, PPP, SPS, PSS, and SSP ofrobe simultaneously the GHand CH) stretch vibrations in
respectively, the SFG, VIS, and IR fields. By measuring SFG the sample. The polarization of both infrared and visible beams
spectra at different polarization combinations, the (relative) were controlled by polarizers ai¢R-plates, and the beams were
values of the eIemenpgs,(jﬁ) can be obtained. Since the macro- focused onto the sample usifg- 5 cm andf = 30 cm lenses,
scopic nonlinear susceptibility tensor can be related to the respectively. The beam diameters in the focus are approximately
molecular hyperpolarizability tensor, it is possible to obtain 100u«m. The incident angles in the vertical plane are, respec-
orientational information of a transition dipole moment and tively, 35° and 40 for the visible and infrared field.
hence of a moiety of a surface molecété? Since absolute The SFG signal is collected using & 10-cm lens and is
values of the nonlinear susceptibility tensor can only be obtained analyzed using a beam-displacing prism (Melles Griot): the
when all experimental parameters are precisely known (includ- S-polarized light traverses unaffected, whereas the P-polarized
ing, e.g., detection efficiency), it is often more convenient to light is displaced vertically by 4 mm. The SFG fields are
use relative values. spectrally dispersed using an imaging monochromator and are

Our approach relies on the use of incident and generated fieldsdetected using an intensified charge-coupled device (iCCD)
polarized at 4% in-between S- and P-polarized. Considering the camera (PiMAXIII, Roper Scientific). The spectra of the two
possible polarization combinations, it is evident that, when one contributions with orthogonal polarization are recorded simul-
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Figure 1. A schematic of the broad-bandwidth SFG setup. The output from the regenerative amplifier is split (BS1) into two: one part is used to
pump an optical parametric amplifier (TOPAS) with a difference frequency unit to produce the broad-bandwidth IR-pulses; the other part is passed
through two etalons to produce narrow-bandwidth VIS-pulses. The polarization of the two beams is cleaned up by polarizers (P) and can subsequently
be rotated using/2-plates (VIS: M, IR: S or P). The two beams are focused with two lenses (L) onto the sample, and the signal beam is collected
using a collimating lens. In the polarization-resolved method, the signal is focused in the horizontal plane by a cylindrical lens (CL1) andg dependi
on the polarization, is displaced by a polarizer prism. The P-polarized beam is rotated to S-polarization by an ati@itmaté for improved
detection efficiency. Finally, the signal beams are focused onto the slit of the spectrometer using a second cylindrical lens (CL2). The residual
visible (800-nm) light is filtered out using a short wave pass filter (SWP). The signal is spectrally analyzed using a monochromator, coupled to an
iCCD camera. The bottom panel depicts a side view of the detection part of the setup.

taneously, imaged at different heights on the CCD camera. The
P-polarized signal appears at the bottom of the CCD and the
S-polarized signal appears at the top (see side view in Figure 50 —
1). Because of their collinear propagation from the sample point
where the IR and VIS beams overlap, the two SFG beams cannot
be simply focused onto the vertical entrance slit of the mono- 40 —
chromator using a spherical lens, as they would be focused on
the same spot. Instead, the light is focused onto the entrance
slit in the horizontal plane using d&n= 50-cm cylindrical lens
in front of the beam-displacing prism and &r 5-cm cylin-
drical lens in front of the entrance slit in the vertical plane.
Additionally, having displaced the two beams in the vertical
plane, it is simple to compensate for the different monochro-
mator throughput and detection efficiency for S- and P-polarized
light. We do so by simply addingA2-plate to the lower of the
two beams to convert the P-polarized signal beam into S-pola-
rized, enhancing the detection efficiency in this channel by approx-
imately a factor of 2. This also lifts the necessity for correcting
for differences in detection efficiency for the two channels.
The sample used in this study consisted of a water (Millipore, 0 —
18.2 MQ cm resistivity) subphase with a monolayer of DPPC ! ! ! !
(Avanti Polar Lipids, Birmingham, AL), initially at a surface 40 60 80 100

5 Area/Molecule
pressure of 3.7 mN/m, that is, 7F/Anolecule. The monolayer (A%

was prepared in a commercial trough (Kibron Inc, Finland) by Figure 2. The isotherm of DPPC is shown as well as a schematic
carefully spreading 0.zL drops of 3.2 mM DPPC solution in  picture of the Langmuir trough. The initial pressure before compression
chloroform (Sigma-Aldrich Chemical Co., St. Louis, MO). The is indicated adl,, the pressure to which the monolayer is compressed
surface pressure was monitored by a tensiometer using theasIl,, and the pressures during relaxationlas

Wilhelmy plate method. In Figure 2, the compression isotherm

of DPPC, as well as a schematic representation of the Langmuirindicates the time-dependent presskireduring the relaxation
trough, is shown. The initial monolayer is in the liquid-expanded process starting from pressurk back to pressurél;.

(LE) phase as indicated in Figure 2 with presskiie Next, the The polarization-resolved broad-bandwidth SFG method relies
sample is compressed up to 35 mN/Rbx(in Figure 2) in the on the generation of SFG with opposite polarization when one
liquid condensed (LC) phase and then is decompressed by gentlyof the incoming beams is M-polarized. In the case of isotropic
but quickly moving the compression barrier to its original surfaces, it can be shown theoretically that indeed the two
position. The moment the barrier has returned to its original contributions to the SFG signal have opposite polarization, but
position is defined a$ = 0. The curved arrow in Figure 2 inthe general case for arbitrary symmetry, this is not necessarily

Langmuir
through

AT ol 2 VS /
AT 4

Compressing €—» Decompressing

w
S
|

Pressure (mN/m)

LC+LE




Sum-Frequency Spectroscopy of Monolayer Relaxation J. Phys. Chem. C, Vol. 111, No. 25, 2008881

200 clearly confirms that the surface is isotropic as anticipated. The
small signals present at the bottom in the top image and the
top of the bottom image are less than 10% of the main
contribution. In principle, these signals could be due to a
contribution from a non-isotropic surface (or chiral molecules),
but additional measurements using gold as a reference indicate
that these signals originate from slight impurities in the
polarizations.

Pixel

IV. Results

Pixel

The kinetics of the monolayer relaxation are followed in real
time by recording simultaneously the PPP and SSP spectra in
the region of 2806-3100 cn™. In Figure 4, the raw CCD image
of the SFG signal from the monolayer before compression (
in Figure 2) is displayed on the left. The acquisition time for
Figure 3. The raw CCD image recorded with S (top) and P (bottom) - this image, and for all images obtained during relaxation of the
polarized VIS light is shown for a DPPC monolayer at "full’ . qaver is 20 s. The top part of the image in Figure 4 shows
compressionI{lz = 35 mN/m). The presence of only one polarization o .
component in each image indicates that the surface of the sample isthe SSP contributions of the SFG signal from the monolayer,
isotropic. Next to the images, the corresponding spectra are shownWhereas the bottom part shows the PPP contribution. On the
(circles) by integrating the image in the vertical direction over the right, the corresponding spectra are shown, obtained by vertical
regions of interest as indicated. The solid line is a fit to the data. binning over the region of interest indicated in the image. The
SFG spectrum of DPPC in this region is well-known from
literaturé®-31 and contains resonances from the symmetrig CH
stretch vibration at 2847 cré (vs crp) the symmetric Chistretch
vibration at 2870 cm! (vscng, the antisymmetric Chistretch
vibration at 2911 cm! (vschy), the symmetric CH Fermi
resonanceusrr cnl at 2893 cnl, the symmetric Ckl Fermi
resonanceysrr,chd at 2940 cm?, and the antisymmetric GH
stretch vibration at 2955 cm (vscud. The data from the
PPP relaxation process is fitted using eq 2 (solid line in Figure 4).
Next, the monolayer is compressed up to 35 mN/Epi6 Figure
2) and is allowed to equilibrate. The tinte= O is defined as

the return of the barrier to its original position. Immediately
0.0 55l s after the release of the barrier, the measurement is started,
2800 2900 3000 recording the two SFG spectra every 20 s for a total of 6 min.
IR frequency (em™) From the raw images, the SSP and PPP spectra are obtained

Figure 4. The raw image is shown for the polarizations SSP (top) (data not shown). All spectra are fitted using eq 2, where the

and PPP (bottom), measured with the polarization-resolved method arPeak positions and peak widths are fitted globally in all spectra.
a surface pressurH; = 3.7 mN/m. The signal appears at different Because of the short acquisition time and the limited S/N, the

vertical positions in the same CCD image because of the displacementpeak areas in the region 2922980 cn1? are obtained as the
prism. Next to the image, the corresponding spectra are shown (circles)most useful markers of the lipid order and orientation. In the
by integrating the image in the vertical direction over the regions of SSP spectrum, the main component of this peak is:shechs
interest as indicated. The solid line is a fit to the data. whereas in the PPP spectrum the main component igth@is

true. It is well-known that DPPC forms an isotropic monolayer, In Figure 5, the normalized areas of these peaks are displayed

but for completeness and as a demonstration of the approachas a fulpctg)?oifl'u:ne. Thket'r:"t'al amptlltUQes a’; i)r:essﬂrlelgtred
presented here, it will be shown that the setup can be used ton?:;”a'ze ndo mar 'bretpelpq?rlwetg%n or | e a:n{)_ ': ?S
confirm the isotropic symmetry of the DPPC monolayer in a ' € VsFrcrHzandvascysvibration. The temporal evolution o

direct measurement. Hereto, the two polarization combina’tionsthe surfacg pressure du.nng the experiment IS shown n th'e top
are measured in the polarization-resolved setup, but in thepanel of Figure 5. The different pressures as indicated in Figure

conventional way, that is, with no M-polarized beams. If the 2 are added to the figure for convenience and the cartoons

surface is indeed isotropic, each polarization combination should represent thg morphology of the m°”°'aye.r that will pe used to
result in an SFG beam of either S- or P-polarized light, but not discuss the time-dependent pressure during relaxation.

both, that is, P-polarized IR and P-polarized VIS beams give
rise to a P-polarized SFG beam and not S-polarized. Therefore,
the full image recorded by the CCD camera should only contain ~ Upon a change in surface lipid density, the surface pressure
one spectrum instead of two. In the left panel of Figure 3, the is a macroscopic indication of the relaxation process of the
top image shows the SFG signal of a saturated DPPC monolayerDPPC monolayer. After the release of the barrier, the pressure
recorded with the VIS and IR polarized S and P, respectively I1;as indicated in Figure 2 shows a rapid decrease from pressure
(for an example of an image recorded with the VIS beam II, to a value below pressuid; (dashed line in the top panel
M-polarized, see Figure 4). In the top part of this image, the of Figure 5), that is, an undershoot of the pressure. This behavior
main signal is visible, corresponding to S-polarized SFG. The can be explained using the isotherm in Figure 2. After
same is true for the VIS and IR polarized P, as shown in the compression, the monolayer is in the LC phase as indicated in
bottom part of Figure 3, where the main signal is present in the the first cartoon in Figure 5 as a dark area, that is, a
lower part of the image corresponding to P-polarized SFG. This homogeneous dense packing of lipid. When the barrier is

0
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T
MG it can be concluded that only directly after the release of the

Figure 5. Normalized peak areas from the PPP and SSP spectrum are . ’
plotted as a function of time during the monolayer relaxation. The initial Partier and the breakup of the continuous LC phase patches

amplitudes are normalized tb1 (dashed line). The surface pressure INto domains will the angle of the chains readjust. During the
during the relaxation process is shown in the top panel. The initial remaining of the monolayer relaxation process, the angles of
pressurell, is indicated as a dashed line. The cartoons are a the chains remain unaffected, but the lipids respread according
represgntation of the mon_olayer morpho_logy and show lipid domains g the changes of the peak areas in Figure 5.
(dark circular shapes) during the relaxation process. In principle, it is possible to obtain absolute angles for the
removed, the monolayer falls apart in so-called domains (secondaverage orientation of the terminal ghtansition dipole from
cartoon in Figure 5 where the dark circular areas representthe data. In the inset of Figure 6, the theoretical ratio for the
domains), and the monolayer contains both the LC and LE amplitudes of the antisymmetric GHsibration in the PPP
phase®® The average pressure in this coexistence region of the spectrum Ass ppp and the symmetric Cvibration in the SSP
LC/LE phase can be lower than pressiliig¢ because of the  spectrum fsssp is given as a function of the angle of the
domain existence. The pressure is the average of the large are&ransition dipole of the Ckigroup @). The amplitude of’sgr cHa
with low density of lipids and the small area of the domains is assumed to follow the behaviorafcns The theoretical ratios
with high density of lipids. Finally, the process of domain are obtained using the method detailed elsewfeteBriefly,
formation is followed by a much slower process where the the nonlinear Fresnel factors are computed and the different
domains disappear and the system eventually equilibrates to thecontributions of the relativg® values to the PPP and SSP
original state: the lipids respread from the dense domains to spectra are evaluated in case of the symmetric and asymmetric
eventually cover the whole surface evenly (third cartoon in vibrations. The relevant parameters are the depolarization factor
Figure 5 with the light area to indicate low coverage). This r = 2.333 the refractive index of ainy = 1, the refractive
slower process is seen in the top panel of Figure 5 as a recoveryindex of the monolayenyon, = 1.18, and the refractive index
where the pressure approachds (dashed line). The slow  of water for, respectively, the SFG, VIS, and IR wavelength
component of the relaxation process can be described by anyaer= 1.331, 1.32+ 1.31i, and 1.39+ 0.013i. The observed
biexponential fit (solid line), with characteristic decay times of decrease of the peak area ratio PPP/SSP during the monolayer
60 and 300 s. relaxation indicates that the vertical projection of the component
As a probe of the molecular changes during the relaxation of the dipole moment of the symmetric @kibration increases.
process, the spectral features measured with the polarization-This is confirmed by the theoretical curve in the inset that shows
resolved broad-bandwidth SFG technique are used. In Figurean increase of for larger ratios. Therefore, it can be concluded
5, it can be seen that the changes in the peak areas (from 292@hat while pressure increases directly after domain formation,
to 2980 cnt?) follow to some extent the surface pressure of on a molecular level, the lipid chains relax by reducing their
the DPPC monolayer relaxation. The data is fitted using tail angle with respect to the surface. Quantitative analysis using
biexponential functions (solid lines) to obtain decay times of, a global fit of the data yields a change in the angle of the chain
respectively, 70/450 and 50/150 s for the PPP and SSP datafrom roughly 90 to 7C¢°. The short acquisition time results in
The decay is governed both by the change in the angle of thea large error in obtaining the amplitudes for the individual
lipids and by the respreading of the lipids. Although no exact vibrations, resulting in a large uncertainty in the quantitative
interpretation of the processes involved will be given, we angle analysis. The error is increased further because of large
attribute the second component partly to the respreading of theuncertainty of the value far, the errors introduced by the scaling
lipids. The first component we attribute to some extent to a of the vser chzto the vs cnz and the possible change in the
change in molecular orientation as can be explained as fol- distribution of the angles of the chains during relaxation.
lows: the main contribution to the peak areas arises from two Even though the error in the absolute angle is significant,
perpendicular transition dipolesa§ chzand vser,chd and thus the polarization-resolved method clearly shows the qualitative
a change in the ratio of the peak areas PPP/SSP can qualitativelghanges during the monolayer relaxation. Furthermore, it is
be interpreted as an orientation change of the termingldZélp shown that the extension of the broad-bandwidth SFG setup
of the lipid chains. The computed ratio of the peak area is conveniently records the two polarization combinations simul-
displayed as a function of time in Figure 6. The data shows taneously in a single measurement. This feature is particularly
one fast decay component that is fitted with a monoexponential important in experiments where either sample instability or laser
function with a characteristic time of 15 s. This decay time is fluctuations cannot be avoided as, for example, shown in this
shorter than the components in the fit of the pressure. Therefore kinetic study. More explicitly, the two spectra are recorded
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