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ABSTRACT: The interfacial water structure and phosphate group hydration of 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine 

(DOPC) monolayers were investigated at air/water interfaces. Both vibrational sum frequency spectroscopy (VSFS) and Langmuir 

monolayer compression measurements were made. The PC lipids oriented water molecules predominantly through their phosphate-

choline (P-N) dipoles and carbonyl moieties. Upon the introduction of low concentrations of 1,2 dioleoyl-3-trimethylammonium 

propane (DOTAP), a positively charged double chain surfactant, the TAP headgroups were attracted to the phosphate moieties on 

adjacent PC lipids. This attraction caused the monolayers to contract, expelling water molecules that were hydrogen bonded to the 

phosphate groups. Moreover, amplitude of the OH stretch signal decreased. At higher DOTAP concentrations, the positive charge on 

the monolayer caused an increase in the area per headgroup and water molecules in the near-surface bulk region became increasingly 

aligned. Under these latter conditions, the OH stretch amplitude was linearly proportional to the surface potential. By contrast, intro-

ducing 1,2-dioleoyl-sn-glycero-3-phosphatidylglycerol (DOPG), a negatively charged lipid, did not change the area per lipid or the 

phosphate-water hydrogen bonding network. As the interfacial potential grew more negative, the OH stretch amplitude increased 

continuously. Significantly, changes in the interfacial water spectrum were independent of the chemistry employed to create the 

positive or negative interfacial potential. For example, Ca2+ and tetracaine (both positively charged) disrupted the water structure 

similarly to low DOTAP concentrations, while SCN- and ibuprofen (both negatively charged) enhanced the water structure. These 

results suggest a direct correlation amongst the interfacial water structure, area per lipid, and surface charge density.

Lipids in biological membranes interact strongly with 

water molecules surrounding their headgroups. Such hydration 

water acts as a mediator for all chemical interactions at the 

membrane surface. Vibrational sum frequency spectroscopy, a 

second order nonlinear optical technique1-5, has proven to be a 

powerful tool for obtaining vibrational spectra of lipid/water in-

terfaces.6-10 VSFS studies of charged lipid and surfactant mon-

olayers have demonstrated that water dipoles next to positively 

and negatively charged interfaces have opposite orientations. 

Specifically, while the lone pairs on oxygen atoms point toward 

positively charged interfaces, they point away from negatively 

charged ones.11-12 By contrast, PC, the most abundant lipid com-

ponent in biological membranes, is zwitterionic and has a more 

complex water structure associated with it.13-15 Namely, the 

structure is dominated by the P-N dipole that consists of a phos-

phate and a choline moiety separated by two methylene units 

(Figure 1A).  Recent VSFS studies have demonstrated that the 

PC headgroup can orient water dipoles through the phosphate, 

choline and the carbonyl moieties.14, 16-18 In fact, these three 

types of ordered water have different orientations and account 

for most of the intensity in the OH stretch region of the VSFS 

spectrum. Moreover, the interfacial OH stretch spectrum adja-

cent to PC lipids has been monitored in the presence of a variety 

of charged moieties in the subphase including Ca2+ 19, SCN- 20, 

various drug molecules 21-22 and nanoparticles 23.  Based on ex-

isting studies, however, it is difficult to draw definitive conclu-

sions on the correlation between the surface charge and the in-

terfacial water spectrum. As such, there is a need for a set of 

systematically controlled experiments wherein the surface 

charge density is varied, while holding the ionic strength and 

the phase behavior of the lipid membrane constant.  

In pure PC membranes, the P-N dipole orients almost 

parallel to the membrane/water interface (Figure 1B, center).24-

26 The dipole undergoes two types of conformational changes 

after charged moieties are introduced.27-33 In the presence of 

positively charged species, the N+ end of the dipole moves sub-

stantially towards the water phase (Figure 1B, left), but moves 

very slightly towards the membrane interior when negatively 

charged moieties are added (Figure 1B, right). This remarkable 

generality in the response of the lipid P-N dipole to charged 

species leads to the question as to how the interfacial water 

spectrum responds as charges are introduced. For strictly neu-

tral interfaces, the intensity in the sum frequency spectrum 

(IVSFS) is proportional to the square of the second order nonlinear 

susceptibility (χ(2)) of the interfacial water molecules and can be 

expressed as follows:34 

𝐼𝑉𝑆𝐹𝑆 ∝ |𝜒
(2)𝐸𝑉𝐼𝑆𝐸𝐼𝑅|

2                         

(1) 

where EVIS and EIR are the electric fields generated by the visible 

and IR beams, respectively. For charged interfaces, however, 

water molecules in the bulk are also ordered by the surface po-

tential. These molecules have been shown to contribute to the 

nonlinear optical signal through the third order nonlinear sus-

ceptibility (χ(3)), as described by Eq. 2: 35-39 



 

 

𝐼𝑉𝑆𝐹𝑆  ∝ |𝜒
(2)𝐸𝑉𝐼𝑆𝐸𝐼𝑅 + 𝜒(3)𝐸𝑉𝐼𝑆𝐸𝐼𝑅𝛷(0)|

2
                     (2)     

where Φ(0) is the potential at the interface.  

The χ(3) construct has been utilized to understand the 

changes in the nonlinear optical signal as a function of surface 

potential. Rao et al. measured the second harmonic generation 

(SHG) signal in solutions with 1-palmitoyl-2-oleoyl-sn-glyc-

ero-3-phosphocholine (POPC) vesicles, which were initially 

uncharged.40 Significantly, the SHG signal decreased as posi-

tively charged cell penetrating TAT peptides were introduced. 

From these experiments, the authors concluded that the χ(3) con-

tribution had the opposite sign from χ(2), resulting in a net de-

crease in the SHG signal. It should be noted, however, that the 

addition of the positively charged species may also alter the 

contribution from directly bound water molecules, thus altering 

the χ(2) contribution. Tian and coworkers demonstrated that the 

VSFS spectrum from water at a fatty acid/water interface can 

be separated into χ(2) and χ(3) terms.41 They found that the χ(2) 

contribution from the hydrogen bonded layer of interfacial wa-

ter varied significantly as a function of surface potential, at least 

at lower pH values. The importance of accounting for changes 

in the χ(2) term as the surface potential increased was also re-

cently pointed out by Gibbs and coworkers for silica/water in-

terfaces.42 These authors demonstrated that deprotonated si-

lanols can align water at high pH through hydrogen bonding and 

noted that such changes should be treated through the χ(2) term. 

Of course, accounting for changes in χ(2) should be crucial for 

understanding water signals from PC membranes as charged 

species can substantially alter lipid-lipid interactions as well as 

the area per lipid.  

Herein, we have investigated the changes in the inter-

facial OH stretch spectrum of DOPC monolayers while intro-

ducing varying concentrations of positively charged DOTAP 

and negatively charged DOPG lipids into the monolayer (struc-

tures provided in Figure 1A). Unlike ions, small molecules, or 

peptides, charged lipids can be directly embedded into the mon-

olayer, even at very high mole fractions of the charged compo-

nent. Using these systems, we found that changes in the ampli-

tude of the water peaks tracked linearly with changes in surface 

potential at sufficiently high mol% DOTAP. This fact could be 

exploited to deconvolve the 3200 cm-1, 3450 cm-1 and 3640 cm-

1 peaks into separate χ(2) and χ(3) contributions. For all three 

peaks, at low concentrations of the positively charged moiety, 

the changes in the water signal were dominated by the change 

in the χ(2) response as the area per lipid contracted. Signifi-

cantly, the 3450 cm-1 and 3640 cm-1 peaks were found to be 

better reporters of the χ(2) response than the one at 3200 cm-1
. 

Changes in these higher frequency peaks were also more closely 

correlated to the area per lipid than the 3200 cm-1 peak. For all 

three peaks, the changes in χ(3) became the dominant contribu-

tion to changes in amplitude at higher mol% DOTAP.  By con-

trast to these results, the area per lipid was not significantly 

changed as DOPG was added. As a result of the unchanged area 

per lipid, the χ(2) contribution was not significantly affected, and 

changes in all three water peaks could be explained predomi-

nantly from the χ(3) contribution even for relatively low DOPG 

concentrations.  

 To better understand the origins of the trends seen in 

the OH stretch region, we also measured the phosphate vibra-

tional spectrum of DOPC in the presence of DOTAP and 

DOPG. This allowed us to probe the hydrogen bonding network 

around the phosphate moiety in the presence of positively and 

negatively charged species. It was found that the degree of 

phosphate hydration as judged by the peak position of the phos-

phate stretch resonance was correlated with the OH stretch am-

plitude from H2O.  This result indicated that the phosphate-wa-

ter hydrogen bonding network was a key factor influencing the 

VSFS water spectrum next to DOPC, via a χ(2) contribution to 

the signal. Specifically, DOTAP lipids dehydrated the phos-

phate moiety and resulted in a decrease in the OH stretch am-

plitude and therefore an attenuated χ(2) contribution. By con-

trast, negatively charged DOPG lipids enhanced the hydration.  

Finally, changes in the VSFS spectra of DOPC lipids in the 

presence of Ca2+, SCN-, tetracaine and ibuprofen were moni-

tored to test the generality of the findings obtained with charged 

lipids. The results were quite similar to the direct embedding of 

charged lipids. Namely, positively charged species decreased 

the water structure, while negatively charged species enhanced 

it. 

 

Figure. 1. (A) Structures of (i) DOPC, (ii) DOTAP, and (iii) DOPG. 

(B) A schematic diagram illustrating the effects of low concentrations 

of positively and negatively charged lipids on the interfacial water 

structure next to the P-N dipole of PC headgroups. 

 

Results and Discussion 

Water Structure next to DOPC Monolayers in the Presence 

of Positively and Negatively Charged Lipids 

Mixed Langmuir monolayers of DOPC were formed 

at the air/water interface with varying concentrations of 

DOTAP and DOPG lipids. VSFS spectra with 0, 10, and 100 

mol% DOTAP are shown in Figure 2A, while spectra with 0, 

10, and 100 mol% DOPG are provided in Figure 2B. Spectra at 

additional concentrations of DOTAP and DOPG, along with 

their fits are provided in Figure S1. The three broad peaks in the 

OH stretch region from DOPC were assigned to water mole-

cules hydrogen bonded to the phosphate group (3200 cm-1), wa-

ter molecules ordered by the choline moiety (3450 cm-1), and 

water molecules in the vicinity of the carbonyl groups close to 

the hydrophobic tail portion of the lipids (3640 cm-1).14, 16, 18 The 

signs associated with these oscillators were positive, negative, 
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and positive, respectively. The signs for all vibrational stretches 

were confirmed by using maximum entropy method (MEM) 

calculations from the intensity spectra (FigureS2).43-44 

 

Figure. 2.  Effects of positively and negatively charged lipids on the 

interfacial OH stretch spectra of DOPC. (A) VSFS spectra of Langmuir 

monolayers of DOPC (red), 10 mol% DOTAP mixed with DOPC 

(blue) and 100 % DOTAP (green). (B) VSFS spectra of Langmuir mon-

olayers of DOPC (red), 10 mol % DOPG mixed with DOPC (blue) and 

100 % DOPG (green). The spectra were measured at a surface pressure 

of 17 mN/m on a buffer subphase containing 10 mM Tris and 100 mM 

NaCl at pH 7.4. The black dots are experimental data points and the 

solid lines are fits to the spectra (details on spectral acquisition and fit-

ting are provided in the SI). Absolute values of the fitted 3200 cm-1 

amplitudes (A3200) of DOPC with (C) DOTAP and (D) DOPG, as a 

function of the charged lipid concentration. Error bars represent stand-

ard deviations from 3 to 4 measurements. 

 

As can be seen by comparing Figure 2A and 2B, 

changes in the OH stretch region induced by DOTAP and 

DOPG differed substantially. The intensity of the OH stretch 

peaks in the VSFS spectrum decreased upon the addition of 10 

mol% DOTAP to the monolayer (blue curve in Figure 2A) rel-

ative to pure DOPC. As greater concentrations of DOTAP were 

introduced, the water spectral features then increased (green 

curve in Figure 2A). By contrast, increasing the concentration 

of DOPG in the DOPC monolayer yielded a continuous in-

crease in the OH stretch peak (Figure 2B). The absolute values 

of the fitted amplitudes from the 3200 cm-1 peak (Tables S1 & 

S2) are plotted in Figure 2C & 2D as a function of the DOTAP 

and DOPG concentrations in the monolayer, respectively. As 

can be seen, a continuous increase in the absolute value of the 

3200 cm-1 amplitude above 10 mol% DOTAP and DOPG was 

observed. This should be expected, as the build-up of surface 

charge generated an interfacial electric field which oriented 

more water molecules, leading to increased sum frequency sig-

nal. The low concentration dip with DOTAP, however, sug-

gested that a different mechanism was at work in this concen-

tration regime.  

Molecular Mechanism for the Changes in Water Structure 

of DOPC upon Introduction of DOTAP and DOPG 

The changes in VSFS intensity in the OH stretch re-

gion should be the result of a reorientation of interfacial water 

molecules, a change in their number density, or a combination 

of both.37, 45-46 As the overall surface charge flips from positive 

to negative or vice-versa, water molecules are expected to un-

dergo reorientation. This should result in a sign change for the 

amplitude. Indeed, this has been previously observed at the alu-

mina/water interface47, titania/water interface48 and silica/water 

interface42. In the case of DOPC, water dipoles contributing to 

the 3200 cm-1 peak flipped their average net orientation between 

10 and 20 mol% DOTAP (Figure S2, Table S1). With the addi-

tion of DOPG, the sign of the amplitude for the 3200 cm-1 peak 

remained positive and continued to increase in intensity (Figure 

S2, Table S2). The former results confirmed the role of reorien-

tation as a first significant factor in the attenuation of the water 

peaks when low concentrations of positive charge were intro-

duced.  

The second factor contributing to the dip with added 

DOTAP should be a change in the number density of OH oscil-

lators. This will occur because replacement of the PC head-

group by a TAP headgroup should disrupt the phosphate hydra-

tion network, while this would not occur when replacement 

with a PG headgroup is made. In fact, a simple model can be 

formulated to explain the decrease in number density of ori-

ented interfacial water molecules upon the addition of posi-

tively charged lipids as opposed to negatively charged ones. As 

noted in the introduction, the P-N dipoles of DOPC headgroups 

are known to lie almost parallel to the interface in the absence 

of charged lipids (Figure 1B, center).26 In this arrangement, the 

water molecules contributing to the 3200 cm-1 peak form a hy-

drogen bonding network by bridging adjacent phosphate moie-

ties. At low DOTAP concentrations, the positively charged tri-

methylammonium moiety is electrostatically attracted to the 

phosphate groups on adjacent DOPC lipids (Figure 1B, left). 

This results in a reduced headgroup area for DOPC and reori-

ents the P-N dipole toward the surface normal.32-33 Such a re-

duction in area should, in turn, displace water molecules that 

were initially hydrogen bonded between adjacent phosphates. 

The loss of water molecules would therefore result in an atten-

uation of the 3200 cm-1 peak. By contrast, DOPG has a phos-

phate moiety in its headgroup, similar to DOPC. As a result, 

addition of DOPG to DOPC monolayers should leave the aver-

age headgroup area and the phosphate-water hydrogen bonding 

network unperturbed (Figure 1B, right). Moreover, the head-

group of DOPG has a glycerol moiety which can directly hy-

drogen bond with water molecules, yielding an overall increase 

in the number of water molecules hydrating the headgroup.  

According to the model in Figure 1B, two clear 

changes are expected to occur in the monolayer. First, the area 

per lipid should contract as positively charged DOTAP mole-

cules are introduced, but not when negatively charged DOPG 

molecules are added. Second, the phosphate group should de-

hydrate in the presence of DOTAP, but retain its hydration in 

the presence of DOPG. These predictions can each be directly 

tested. Specifically, the changes in the area per lipid can be 

measured using surface pressure- area isotherms, whereas the 

dehydration of the phosphate group can be probed by measuring 

the VSFS spectrum of the phosphate stretch in the presence of 

positively and negatively charged lipids. The phosphate sym-

metric stretch is expected to blue shift as positive charges are 

introduced, but no such blue shift should occur as negative 

charges are added.49-50  
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Figure. 3. Average area per lipid of mixed monolayers of (A) 

DOPC/DOTAP and (B) DOPC/DOPG measured at a surface pressure 

of 17 mN/m. The error bars correspond to the standard deviation from 

3-4 measurements. Complete sets of surface pressure-area isotherms 

are provided in Figure S3. (C) VSFS spectra of the phosphate stretch 

from pure DOPC (red) and in the presence of 30 mol% DOTAP (blue). 

(D) VSFS spectra of the phosphate stretch from pure DOPC (red) and 

in the presence of 30 mol% DOPG (blue). All spectra were measured 

at a surface pressure of 17 mN/m on a buffer subphase containing 10 

mM Tris and 100 mM NaCl at pH 7.4.  MEM analysis of these spectra 

is provided in Figure S4. 

 

Surface pressure-area isotherms of DOPC monolayers 

with increasing concentrations of DOTAP and DOPG were 

measured in order to experimentally verify changes in the aver-

age area per lipid. The values that were obtained at 17 mN/m 

are plotted in Figure 3A as a function of mol% DOTAP. As can 

be seen, the average area per lipid followed a trend that was 

similar to the absolute value of the 3200 cm-1 amplitude (Figure 

2C). Specifically, the area per lipid decreased at low mol% 

DOTAP, followed by an increase at higher concentrations. The 

decrease in area at low mol% is consistent with attractive head-

group interactions and a reorientation of the P-N dipole toward 

the surface normal, as discussed above (Figure 1B, left). At suf-

ficiently high mol% DOTAP, the electrostatic repulsion be-

tween DOTAP headgroups became dominant and a reversal of 

this trend was observed. By contrast, the average area per lipid 

did not change substantially with increasing mol% DOPG, 

within the error bars of our measurements (Figure 3B). This is 

the case despite the introduction of the negatively charged moi-

ety. Indeed, the phosphate-water hydrogen bonding network is 

probably the key factor in constraining the average area per li-

pid headgroup in mixed PC/PG lipid membranes. 

Since the average area per lipid reached a minimum 

between 20 and 50 mol% DOTAP, the phosphate groups should 

be relatively dehydrated in this concentration range. The PO2
- 

symmetric stretch peak is highly sensitive to the local hydrogen 

bonding environment.49-51 When the phosphate moiety hydro-

gen bonds to adjacent water molecules, electron density from 

the O-P-O- moiety is donated to the antibonding (σ*) orbital of 

the O-H bond on water.52 This weakens and elongates the O-P-

O- bonds, resulting in a red shift of the PO2
- symmetric stretch. 

The vibrational frequency of the PO2
- symmetric stretch can 

therefore be used to probe the dehydration or enhanced hydra-

tion of the phosphate moiety. Figure 3C & 3D show the effects 

of DOTAP and DOPG on the vibrational frequency of the PO2
- 

symmetric stretch. The phosphate stretch region in the VSFS 

spectrum of DOPC (same spectrum shown in red in each panel) 

has several peaks originating from the phosphate and ester 

stretches. The prominent peak around 1105 cm-1 is the PO2
- 

symmetric stretch (dashed red vertical line in Figure 3C and 

3D).51, 53  

The PO2
- symmetric stretch around 1105 cm-1 blue-

shifted by ~7 cm-1 in the presence of 30 mol % DOTAP (Figure 

3C, blue spectrum and dashed blue vertical line, Table S3), in-

dicating that the phosphate moiety dehydrated upon the intro-

duction of the positively charged amphiphile. In addition to the 

frequency shift, the amplitude of the PO2
- symmetric stretch was 

reduced by almost 60%. This change in amplitude can be at-

tributed to a combination of a decrease in the number density of 

oscillators and a reorientation of the P-N dipole (SI text, Figure 

S5, Table S3).  It should be noted that the attenuation of the PO2
- 

resonance occurred concomitantly with an attenuation of the 

3200 cm-1 peak. On the other hand, the addition of 30 mol % 

DOPG to the DOPC monolayer led to a small red shift in the 

PO2
- symmetric stretch frequency (~ 3 cm-1), which indicated 

enhanced hydration of the DOPG headgroup (Figure 3D, blue 

spectrum and dashed blue vertical line, Table S4). This supports 

the proposal that the phosphate-water hydrogen bonding net-

work for DOPC was unperturbed or even perhaps slightly en-

hanced by the introduction of DOPG. Data at other DOTAP and 

DOPG concentrations are provided in Figure S6 & S7 respec-

tively.  
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Figure 4. (A) 3200 cm-1 amplitudes (A3200) as a function of surface potential. The red line corresponds to a straight line fit for the values above 52 

mV. It should be noted that the absolute values of 3200 cm-1 amplitude are plotted in Figure 2C in order to facilitate a direct comparison to the area 

per lipid measurements. Here, however, both the sign and magnitude of amplitude need to be considered. (B)  Change in the amplitude (black) 

compared to pure DOPC. This value is deconvolved into changes due to χ(2) (green) and χ(3) (red). (C) Absolute values of the amplitude (black squares) 

and area per lipid at 17 mN/m (blue open circles) as a function of surface potential. (D) Schematic diagram illustrating the origin of the 3200 cm-1 

peak next to DOPC and DOTAP. The black arrows in parentheses below the designation for each type of water represent the signs of the respective 

contributions.

Deconvolving Changes in Interfacial Water Structure into 

χ(2) and χ(3) Contributions 

The 3200 cm-1 amplitude from neat DOPC can be 

nominally attributed to a pure χ(2) contribution.  In the mixed 

lipid systems studied herein, there is a continuous build-up of 

surface charge with increasing concentrations of either DOTAP 

or DOPG in the monolayer. This leads to an increase in the χ(3) 

contribution according to Eq. 2. Moreover, if the χ(2) term in 

Eq.2 is constant, the 3200 cm-1 amplitude should vary linearly 

with respect to the surface potential.  However, the model 

shown in Figure 1B suggests that the contribution from χ(2) 

should not be assumed constant. 

Positively charged species, such as DOTAP, while in-

creasing the surface potential, also disrupt the hydrogen bond-

ing network of the water molecules that are directly bonded at 

the interface. This should result in an attenuated χ(2) response. 

Therefore, the non-monotonic trends in the OH amplitude as a 

function of mol% DOTAP should be attributed to both χ(2) and 

χ (3) effects. This idea will be put on a quantitative basis in the 

discussion below. The relative contributions of χ(2) and χ(3) to 

the overall change in 3200 cm-1 amplitude can be estimated by 

invoking Eq. 2. To do this, the surface potentials of the mixed 

DOPC/DOTAP monolayers needs to be calculated.  This can be 

done by plugging the surface charge density values obtained 

from the area per lipid measurements into the Grahame equa-

tion (Figure S8).54 It should be noted here that the surface po-

tential of pure DOPC was assumed to be zero in these calcula-

tions. Using these values, the 3200 cm-1 amplitudes were plot-

ted against the surface potential values (Figure 4A). As can be 

seen, the correlation leads to a linear slope from 52 to 120 mV 

(20 to 100 mol% DOTAP, red line through the data points). 

This suggests that changes in χ(3) dominate at higher DOTAP 

concentrations. As can be seen, the changes in 3200 cm-1 am-

plitude below 52 mV (20 mol% DOTAP) do not fall on this 

line. Nevertheless, the slope of the straight-line can be em-

ployed as a scaling factor for the χ(3) contribution to the 3200 

cm-1 amplitude, and is assumed to be constant at all surface 

charge densities.41 The χ(3) contribution between 1-10 mol% 

DOTAP was therefore calculated to be the product of the slope 

multiplied by the corresponding surface potential value at each 

concentration (Figure 4B, red bars). The overall change in the 

amplitude at each DOTAP concentration compared to pure 

DOPC is plotted with black bars in Figure 4B. By invoking Eq. 

2, the change in χ(2) was then determined as the difference be-

tween the overall change in amplitude and the χ(3) contribution 

(Figure 4B, green bars). 

As can be seen in Figure 4B, the decrease in the OH 

amplitude between 1 and 10 mol% DOTAP is dominated by χ(2) 

changes at the lowest concentration values, but crosses over to 

a dominant χ(3) effect as the amount of positive charge is in-

creased. The decrease in amplitude due to changes in χ(2) is con-

sistent with the loss of directly bonded water molecules from 

the phosphate groups, which in turn is driven by the decrease in 

the average area per lipid. The area per lipid continued to de-

crease up to ~52 mV (20 mol% DOTAP), whereas the magni-

tude of the OH amplitude at 3200 cm-1 decreased only up to ~27 

mV (10 mol% DOTAP) (Figure 4C). In fact, the continued de-

crease in the average area per molecule until 20 mol% DOTAP 

suggests that χ(2) should fall until that point. The increasing χ(3) 
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contribution compensated for this and the two contributions 

were of equal magnitude just below 27 mV (~10 mol% 

DOTAP).  

It should be noted that the 3200 cm-1 peaks from 

DOTAP and DOPC have different origins (Figure 4D). Next to 

DOPC, water molecules directly hydrogen bonded to the phos-

phate give rise to a 3200 cm-1 peak. On the other hand, DOTAP, 

being a positively charged monolayer, orders water molecules 

in the subsequent layers that result in a 3200 cm-1 peak.55 Hence, 

with increasing concentrations of DOTAP, the 3200 cm-1 peak 

switched from water molecules hydrogen bonded to phosphate 

to water ordered in subsequent layers. As depicted in Figure 4D, 

these two types of waters should have opposite orientations. As 

such, the 3200 cm-1 peak in DOPC arises from a χ(2) contribution 

with a positive sign, whereas the electrostatically ordered water 

that gives rise to the 3200 cm-1 peak from DOTAP has a nega-

tive sign and arises from a χ(3) effect (up arrows depict a positive 

sign and down arrows depict a negative sign).  The minimum in 

the VSFS signal with 10 mol% DOTAP (~27 mV) (Figure 4C) 

occurred where the cancelation of these two contributions was 

most complete. By 20 mol% DOTAP (~52 mV), the majority 

of the water dipoles giving rise to the 3200 cm-1 peak had the 

opposite orientation and the increase in the χ(3) contribution 

dominated changes in the VSFS signal thereafter.  

Next, consider the OH peak around 3600 cm-1, at-

tributed to weakly hydrogen bonded water molecules located in 

the carbonyl region of the lipid headgroups (Figure 5A, left).  

The signal from these water molecules can be assigned to a 

weak χ(2) contribution, with a positive sign. This peak has been 

shown to be sensitive to the surface potential.56 As can be seen, 

the magnitude of the amplitude for this peak decreased initially 

as DOTAP was added to the membrane (Figure 5B, black 

points). This decrease occurred in tandem with the decrease in 

area per lipid (Figure 5B, blue points), indicating that these 

weakly hydrogen bonded water molecules are almost com-

pletely squeezed out as the monolayer condensed with the reor-

ientation of the P-N dipole (Figure 5A, center). Above 92 mV 

(50 mol% DOTAP), however, the 3600 cm-1 amplitude picked 

up again and linearly increased with surface potential after that 

(Figure 5B, red line). It should be noted that the χ(3) construct is 

typically employed to separate the bulk water contribution from 

the surface contribution. However, the weakly hydrogen 

bonded water molecules above the DOTAP headgroups con-

tributing to the 3600 cm-1 peak are oriented by the electric field 

(Figure 5A, right). As a result, this peak should have a mixture 

of χ(2) and χ(3) contributions. An analysis similar to that for the 

3200 cm-1 peak was performed on the 3600 cm-1 peak to obtain 

the relative contributions of each (Figure 5C). This analysis re-

vealed that changes in χ(2) clearly dominated at low DOTAP 

concentrations, consistent with the close correlation between 

the area per lipid and amplitude (Fig. 5B). Nevertheless, the χ(3) 

contribution continuously grew in as the concentration of 

DOTAP was increased. 

 

 

Figure. 5. (A) Schematic diagram showing the different water mole-

cules giving rise to the χ(2) and χ(3) contributions at 3400 cm-1 and 3600 

cm-1. The black arrows in parenthesis below each water designation 

represent the sign of the respective contributions. (B) Absolute value 

of the 3600 cm-1 amplitude (black) and area per lipid at 17 mN/m (blue) 

as a function of the surface potential. The red line corresponds to a lin-

ear fit of the values above 93 mV (50 mol% DOTAP). (C)  Change in 

the 3600 cm-1 amplitude (black). This change is deconvolved into a χ(2) 

(green) and a χ(3) (red) contribution. (D) The absolute value of the 3400 

cm-1 amplitude (black) and the area per lipid at 17 mN/m (blue) as a 

function of surface potential. The red line corresponds to a linear fit to 

the data above 52 mV (20 mol% DOTAP). It should be noted that the 

slope of the linear fit is negative because of the negative sign of the 

amplitude.  (E) Change in the 3400 cm-1 amplitude (black). This change 

is deconvolved into a χ(2) (green) and a χ(3) (red) contribution. 

 

The 3400 cm-1 peak next to both DOPC and DOTAP 

arose from water molecules with broken hydrogen bonding that 

were directly adjacent to the quaternary ammonium moiety on 

the headgroup (Figure 5A). As the DOTAP concentration was 

increased, the orientation of these water molecules remained 

constant. As such, the negative sign from the 3400 cm-1 peak 

should be preserved. The magnitude of the 3400 cm-1 ampli-

tudes closely followed the decrease in area per molecule and 

continued to shrink until 52 mV (20 mol% DOTAP) (Figure 

5D).  
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Figure 6. (A) Schematic diagram illustrating the different water molecules giving rise to the χ(2) and χ(3) contributions. The black arrows in parenthesis 

below each water designation represent the sign of the respective contributions. (B) The 3200 cm-1 amplitude as a function of the surface potential. 

The blue line corresponds to a linear fit of data points between 0 and -25 mV (0-10 mol% DOPG) and the red line corresponds to a linear fit of the 

data points between -45 and -119 mV (20-100 mol% DOPG). (C) The 3400 cm-1 amplitude as a function of surface potential. The blue line corre-

sponds to a linear fit of data points between 0 and -25 mV (0-10 mol% DOPG) and the red line corresponds to the a fit between -61 and -119 mV 

(30-100 mol% DOPG). In this case, the water dipoles flip their net orientation between -25 and -61 mV (10-30 mol % DOPG). (D) The 3600 cm-1 

amplitude as a function of surface potential. The red line corresponds to a linear fit of the data points between -45 and -119 mV (20-100 mol% 

DOPG).

 

The 3400 cm-1 amplitudes above 52 mV could be fit to a straight 

line to obtain the relative χ(2) and χ(3) contributions to the signal 

change between 2.5 and 27 mV (1-10 mol% DOTAP) (Figure 

5E). As can be seen, the changes in the amplitude had a domi-

nant χ(2) contribution. This should not be surprising due to the 

proximity of these water molecules to the headgroup.  

 Based on the analysis above, the non-monotonic trend 

in the OH stretch region for DOPC/DOTAP monolayers origi-

nates from a combination of χ(2) and χ(3) effects. These come 

from changes in the area per lipid and the introduction of charge 

to the interface, respectively. The PC and TAP headgroups dif-

fer primarily by the absence of a phosphate group in the latter 

structure. As the concentration of DOTAP increases, the num-

ber of phosphate groups is diminished, while the choline part 

essentially remains the same. This helps to simplify the inter-

pretation of the water spectra.  

By contrast, as DOPG is introduced to DOPC, the 

phosphate groups remain the same, but the choline groups are 

replaced by glycerol moieties. This makes interpreting the 

changes a bit more complex. Nevertheless, the VSFS water 

spectra from DOPC/DOPG monolayers can still largely be un-

derstood by using the same analysis as invoked for DOTAP. In 

this case, both DOPC and DOPG have contributions to the 3200 

cm-1 peak from water directly hydrogen bonded to the phos-

phate (Figure 6A, left and right). DOPG, of course, also has a 

contribution from water aligned by the electric field (Fig. 6A, 

right). The former type of water has a predominant χ(2) contri-

bution, whereas the latter type arises from a χ(3) contribution. 

Unlike DOTAP, DOPG retains the average area per lipid in the 

lipid monolayer as well as the phosphate hydration. Moreover, 

all the water molecules contributing to the 3200 cm-1 peak in 

DOPC/DOPG monolayers have the same orientation. Hence, at 

low mol% DOPG, the χ(2) contribution is expected to remain 

approximately constant and the amplitude should increase line-

arly, according to Eq. 2 as DOPG is introduced. This is shown 

in Figure 6B by plotting the 3200 cm-1 amplitudes as a function 

of surface potential. It should be noted that the x-axis begins at 

a negative value, as the surface potential is negative at 100% 

DOPG and rises to zero for pure DOPC. As can be seen, the 

amplitude between 0 mV and -25 mV (0-10 mol% DOPG) 

could be fit to a straight line with a constant χ(2) contribution 

close to that of pure DOPC (Figure 6B, blue line).  

As with DOPC/DOTAP monolayers, the χ(3) scaling 

factor should stay constant for all DOPG concentrations. How-

ever, a different constant χ(2) contribution was required to fit the 

amplitude of the 3200 cm-1 peak above 20 mol% DOPG (-45 

mV) (Figure 6B, red line). Indeed, the pure χ(2) contribution 

from DOPG should be different from that of DOPC, since the 

glycerol moiety on DOPG can directly hydrogen bond to water 

molecules (Figure 6A, right).  Presumably the predominant χ(2) 

contribution to the 3200 cm-1 signal changes from the χ(2) of 

DOPC to the χ(2) of DOPG.  As a result of the unchanged area 

per lipid, the amplitudes of the 3400 cm-1 and 3600 cm-1 peaks 
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also exhibited linear trends, similar to the 3200 cm-1 peak (Fig-

ure 6C &D).  The different origins of the 3400 cm-1 peak around 

DOPC and DOPG are illustrated in Figure 6A. Between 0-10 

mol% DOPG (0 to -25 mV), the amplitude from the 3400 cm-1 

peak retains the negative sign and increases in strength with 

added DOPG (Figure 6C, blue line). This increase can be at-

tributed to increased hydration around the choline group, facil-

itated by the neighboring glycerol moiety from DOPG. How-

ever, the 3400 cm-1 peak next to DOPG arises from water mol-

ecules around the glycerol moiety.55 These water molecules 

have opposite orientation to those around choline. As such, a 

flip in the sign of the 3400 cm-1 oscillator is observed between 

10-30 mol% DOPG (-25 mV to -61 mV). Above 30 mol% 

DOPG (-61 mV), a linear trend was again observed (Figure 6C, 

red line). Finally, the 3600 cm-1 amplitude remained approxi-

mately constant below 10 mol% DOPG (-25 mV) (Figure 6D). 

By 20 mol% DOPG (-45 mV), however, the surface potential 

on the monolayer built up sufficiently to flip the orientation of 

these water molecules (Figure 6A, right), and the changes in 

amplitude thereafter could be fit to a straight line (Figure 6D, 

red line). 

 It is evident from the data in Figure. 4, 5&6 that the 

χ(3) contribution to the VSFS signal varies linearly with respect 

to the surface potential. This agrees with the prediction of Eq. 

2. It should be noted, however, that this simplified form of the 

χ(3) contribution in Eq. 2 is valid because the subphase solutions 

in these experiments were held at a constant ionic strength of 

110 mM as the mole fraction of charged lipids was increased. 

This corresponds to a Debye length of just ~0.9 nm, which is 

equivalent to approximately three layers of water. Therefore, 

the experiments herein are probing the χ(2) and χ(3) contributions 

from just the first few layers of water, which includes a very 

substantial contribution from water molecules that are directly 

hydrogen bonded to the headgroup. For solutions with lower 

ionic strengths, increasing the surface potential will align more 

water molecules further away from the surface. This would lead 

to a larger probing depth that would, in turn, modify the χ(3) 

contribution into a complex term that depends on the Debye 

length.39, 57-58 In fact, the low concentration dip in the fitted am-

plitude data from DOPC/DOTAP monolayers in Figure 2C can 

be greatly attenuated when otherwise identical experiments are 

performed on a subphase with an ionic strength of only 10 mM 

(Figure S9). The attenuated dip in that case is a direct result of 

the greater probing depth and interference. 

Interfacial Water Structure next to the P-N dipole can be 

Modulated by a Wide Range of Positive and Negative 

Charges in a General Fashion 

In a final set of VSFS measurements, we tested the 

effects of positively and negatively charged ions and small mol-

ecules on the interfacial water structure adjacent to DOPC mon-

olayers. Ca2+ and SCN- have previously been shown to bind to 

PC lipids in membranes.59-61 In order to test if these ions have 

opposite effects on interfacial water structure, we recorded the 

VSFS spectra of DOPC monolayers in the presence of 1 M 

CaCl2 (Figure 7A) and 50 mM NaSCN (Figure 7B) in the sub-

phase. Each spectrum was compared to a reference spectrum of 

DOPC measured on a buffer subphase containing the same 

ionic strength, but replaced with NaCl. The Na+ and Cl- coun-

terions in these experiments do not significantly interact with 

the monolayers (Figure S10). As such, the changes with Ca2+ 

and SCN- can be attributed almost exclusively to these two ions 

themselves, rather than their counterions. 

 

Figure 7. Effect of cations and anions on the interfacial water structure 

next to DOPC. VSFS spectra of the CH and OH stretch regions from 

DOPC monolayers (A) in the absence and presence of 1 M CaCl2 as 

well as (B) in the absence and presence of 50 mM NaSCN. The PO2
- 

symmetric stretch of DOPC (C) with and without 1 M CaCl2 as well as 

(D) in the presence and absence of 50 mM NaSCN. The ionic strength 

was held constant for each experiment by using the appropriate con-

centration of NaCl as the background. Specifically, the spectra with 

CaCl2 were compared to a subphase containing 3 M NaCl and 10 mM 

Tris. The spectra with NaSCN were performed with 50 mM NaSCN 

and 50 mM NaCl in the subphase, and were compared against a buffer 

solution containing 100 mM NaCl and 10 mM Tris. MEM analysis of 

these spectra is provided in Figure S11, and the fitted results are tabu-

lated in Tables S5-S7. 

 

Compared to a subphase with 3 M NaCl, 1 M Ca2+ 

moderately attenuated the intensity of the 3200 cm-1 peak. By 

contrast, 50 mM SCN- enhanced the water peaks quite substan-

tially. The binding of SCN- to the lipid monolayer made it neg-

atively charged62 and this led to an enhanced ordering of water 

molecules. The binding of Ca2+ was much weaker59, 63, but nev-

ertheless led to a net positive charge at the interface. These 

changes in interfacial water structure are analogous to the 

changes found by embedding charged lipids. Also, in the PO2
-

symmetric stretch region, Ca2+ induced a blue shift in the fre-

quency of the PO2
- symmetric stretch (Figure 7C), in agreement 

with previous studies.49 Moreover, SCN- resulted in a slight red 

shift (~1 cm-1) of the PO2
- symmetric stretch frequency (Figure 

7D), indicating that the hydrogen bonding environment of phos-

phate was still preserved or slightly strengthened. In order to 

test if the trends in the area per molecule observed for positively 

and negatively charged lipids were also valid for ions, we meas-

ured the surface pressure-area isotherms of DOPC in the pres-

ence of Ca2+ and SCN- ions. In fact, Ca2+ caused the monolayer 

to contract, whereas SCN- expanded it (Figure S12). The in-

crease in area per lipid molecule with SCN- was not entirely 

unexpected, since SCN- can insert itself into liquid expanded 

monolayer phases.64 
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Figure 8. The structures of (A) tetracaine and (B) ibuprofen, respec-

tively. (C) VSFS spectra of interfacial water next to DOPC in the pres-

ence of 200 M tetracaine (green) and 200 M ibuprofen (blue). (D) 

PO2
- symmetric stretch spectra of DOPC with 200 M tetracaine 

(green) and 200 M ibuprofen (blue) in the subphase, as well as the 

spectrum without these molecules (red). All spectra were recorded on 

buffer solutions containing 10 mM Tris and 100 mM NaCl at pH 7.4.  

MEM analysis of the spectra is provided in Figure S14, and the fitted 

results are tabulated in Tables S8-S10. It should be noted that the small 

feature at 1180 cm-1 in the presence of tetracaine arises from the tetra-

caine molecule itself 65. 

 

We further tested the generality of the correlation be-

tween the interfacial water spectrum and the hydrogen bonding 

environment around phosphate by using positively and nega-

tively charged small molecules. For this purpose, tetracaine and 

ibuprofen were employed, which are two common small mole-

cule drugs that are known to bind to PC lipid.66-67 The counter-

ions were Cl- and Na+, respectively. Tetracaine has a protonated 

dimethylamino moiety, making it positively charged near neu-

tral pH (Figure 8A). The carboxylate moiety on ibuprofen is 

deprotonated at physiological pH, leading to an overall negative 

charge (Figure 8B).   VSFS spectra of DOPC monolayers were 

recorded with 200 μM tetracaine or ibuprofen in the subphase 

(Figure 8C). As can be seen, tetracaine decreased the intensity 

of the 3200 cm-1 peak (green), whereas ibuprofen increased it 

(blue). Interestingly, neither of these molecules blue-shifted the 

frequency of the phosphate symmetric stretch (Figure 8D). The 

observation that ibuprofen does not cause a blue shift agrees 

well with our prediction based on its negative charge. Addition-

ally, ibuprofen was found to increase the average area per head-

group in the DOPC monolayer (Figure S13).   

The lack of a blue-shift by tetracaine is intriguing. 

Tetracaine’s exceptional behavior can probably be attributed to 

its mode of interaction. Previous studies on the interactions of 

tetracaine with PC lipids have shown that charge is not the only 

factor that influences its binding.68 Tetracaine inserts itself into 

lipid membranes and the butylamino group resides in the hy-

drophobic tail region. The protonated dimethylamino moiety is 

located right next to the phosphate of the PC headgroup. As 

such, the dimethylamino moiety should directly hydrogen bond 

with the phosphate. This hydrogen bonding is apparently quite 

similar to water-phosphate hydrogen bonding, and does not 

cause a blue shift in the vibrational frequency of the phosphate 

symmetric stretch. We further measured the surface pressure-

area isotherm of DOPC in the presence of 200 μM tetracaine in 

the subphase (Figure S13). Unlike DOTAP and Ca2+, the aver-

age area per molecule was found to increase in the presence of 

tetracaine. This can be attributed to the difference in the mech-

anism of interaction of tetracaine with PC. In addition to elec-

trostatic and hydrogen bonding interactions, tetracaine mole-

cules insert themselves into the monolayer through hydropho-

bic interactions, causing an increase in the total area of the mon-

olayer. This change occurs because of the additional hydropho-

bic moiety rather than an increase in the average area per lipid. 

(See SI text for an additional note on area per lipid measure-

ments).  

Remarkably, the introduction of ions and small mole-

cules gave rise to similar changes in interfacial water to those 

found with charged lipids. The general trends observed here for 

positive and negative charges (with the partial exception of 

tetracaine) should be useful in predicting the changes in hydra-

tion next to zwitterionic lipid membrane interfaces in the pres-

ence of a wide variety of chemistries (e.g. charged amphiphiles, 

drug molecules, ions and even peptides). Moreover, the model 

developed here for χ(3) changes in the VSFS spectra strongly 

suggests that changes in the amplitude in the OH stretch region 

due to the χ(3) contribution simply vary linearly with interfacial 

potential. This model should be useful for interpreting other 

nonlinear optical experiments at aqueous interfaces. 
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