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Understanding the electrostatic condition of biomembranes consisting of lipids and biomolecules is 

important in many biological applications.(1) If there is large electric field formed by the membrane, 

water molecules near the membrane are expected to align following the electric field. Therefore the 

average orientation of water dipoles at the interface would offer the information about the 

electrostatics of biomembrane. From Poisson Boltzmann theory(5), the characteristic length scale over 

which the surface potential decays is just several nanometers. To selectively investigate the 

interfacial region of lipid monolayer/water interface as a model system of the above, we used 

sum-frequency generation (SFG) spectroscopy. SFG spectroscopy is spectroscopic tool that detects 

the second-order nonlinear optical response from surfaces and interfaces. In lipid monolayer/water 

system, second-order nonlinear susceptibility of bulk water is zero because bulk water is isotropic.(4) 

As a result, SFG signal would only come from surfaces and interfaces where the inversion 

symmetry is necessarily broken. 

In our experiment, we used two lipids. One is DPTAP (1,2-dipalmitoyl-3-trimethylammonium 

-propane) which has positively charged head group when it dissolves into water. And the other one 

is DMPG (1,2-dimyristoyl-sn-glycero -3-phospho(1-rac-glycerol)) which has negatively charged 

headgroup. Figure 1 describes our system, in which head groups of the lipid molecules tend to be 

inside the water surface and tails would point to the air side. If the occupation area per each lipid 

molecule is controled around 50Å2 (surface pressure: 30 mN/m), the lipid molecules form a neat 

monolayer with the alkyl chains somewhat tilted with respect to surface normal. By maintaining 

surface pressure, the average orientation distribution of lipid is assumed fixed. The SFG setup is 

based on picosecond Nd:YAG laser (50 ps, 10 Hz) and the visible beam (532 nm) and the tunable 

infrared beam (2.5 ~ 4 μm) overlapped at the sample surface generates SFG in the reflection 

direction. In our sample, the SFG signal from stretch vibrations of the terminal methyl group (CH3) 

of alkyl chain (2875 cm-1, 2935 cm-1, 2960 cm-1) and O-H vibrations of the interfacial water (3200 

cm-1, 3400 cm-1) are dominant. From the theory of SFG, signal intensity would depend on the 

nonlinearity and the orientation average of the molecules. As lipid molecules are in stable monolayer, 

there is no change in average orientation of the terminal methyl group. So the only physical factor 

that affects the overall spectral shape is the average orientational distribution of water molecules 

just beneath the lipid monolayer. Figure 2 is SSP SFG data of 1-hexadecanol (1-HD)/water 
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interface. Since the terminal OH bond of 1-HD cannot be ionized, there are few surface charges. So 

water molecules at the interface are randomly oriented, which makes the SFG signal from interfacial 

water (OH stretch around 3000 ~ 3600 cm-1)  much smaller those that from terminal methyl group 

(2850 ~ 2970 cm
-1

). Figure 3 is our main experimental data. Due to the large amount of surface 

charges, the SFG signal from interface-bound water is significantly enhanced as compared with Fig. 

2. This result reflects the well-ordered structure of surface water molecules. Moreover, broad 

bandwidth of bound water peak (around 3200cm
-1

, commonly called OHicelike) extends to the 

CHx-vibration region, and interferes with the peaks from vibrational modes of the terminal methyl 

group. In DPTAP/water case, there is noticeable deep around 2960 cm-1 due to the destructive 

interference between CH3 Fermi resonance (2960 cm
-1

) and OHicelike (3200 cm
-1

). On the other hand, 

the smoother curve appeared in the DMPG/water spectrum in that spectral region can be considered 

as the constructive interference of two vibrational modes. Also the difference in resonant peak 

position and peak width of vibrational modes of methyl group showed that vibration modes 

interfered oppositely. From this result we conclude that the relative phase of bound water SFG 

signal is 180-degree out-of-phase between these two cases, which originates from opposite 

alignment of water molecules at the interface.

                                              

    Fig. 1. Representative picture of our experimental situation.

    

   Fig. 2. SFG spectrum from                  Fig. 3. SFG spectra from DMPG/water             

          1-hexadecanol/water interface.                and DPTAP/water interface.
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