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ABSTRACT 

The geometry, arrangement, and orientation of a quaternary ammonium surfactant flanked by 

two methyl groups, a benzyl head, and an octyl tail, were assessed at the air-water and air-

deuterium oxide (D2O) interfaces using sum frequency generation vibrational spectroscopy 

(SFG). Remarkably, symmetric and asymmetric N-CH3 stretches (at ~2979 and ~3045 cm
-1

, 

respectively, in the SSP polarization combination) were visible in water but were negligible in 

deuterium oxide. We concluded that D2O addition triggers the average reorientation of the 

dimethyl amino units parallel to the interface, and possibly changes the overall conformation of 

the surfactant. A reduced number of gauche defects in the surfactant octyl chain is also observed 

in D2O. Tilt angles for the octyl chain (1.0 – 10.8º) are consistent with an ordered monolayer at 

the air-liquid interface. 

INTRODUCTION 

Solvent isotopic effects, i.e., differences in physical and chemical properties of solutes 

observed upon replacing hydrogen atoms with deuterium in a solvent, have been evaluated in 

systems such as surfactants,
1
 lipid bilayers, and polymers in water and deuterium oxide (D2O).

2-4
 

Even though many properties such as surface tension,
5-6

 refractive indices,
7
 molar volume, and 

polarizability are similar for H2O and D2O,
8
 bond strengths and intermolecular interactions still 

differ from each other. D2O tends to form stronger hydrogen bonds compared to H2O and 

therefore has a higher density, viscosity, and boiling point.
7
 Isotopic substitution of water results 

in shifts in critical points and phase boundaries of surfactant mixtures, which affect the formation 

of self-assembled aggregates.
1
 

In this study, we assess solvent isotopic effects on the interfacial conformation of a surfactant 

at the air-water interface, using sum frequency generation vibrational spectroscopy (SFG). 
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Recent studies involving surfactants have focused on water interfacial structure
9
 or the influence 

of broad O-H and O-D stretch bands on the C-H stretching modes;
10

 yet very few assess solvent 

effects on the structure of the interfacial surfactant itself.
9, 11

 Here, we chose quaternary 

ammonium cation 1 (see supporting information section for its preparation),
12

 as it belongs to the 

important class of “Quat” cationic surfactants used as corrosion inhibitors, especially for carbon 

steel in acidic media.
13-14

 

 

Surfactants are amphiphilic molecules consisting of a hydrophilic head and a hydrophobic 

tail.
3
 When a surfactant is adsorbed at the air-water interface, the hydrophilic head group is 

directed into the water layer, and the hydrophobic tail is pointing towards the air. Moreover, 

charged head groups generate an electrostatic field in the double-layer region of the interface and 

affect the orientation and the number of water molecules present in this layer.
9,15

 We are thus 

seeking to assess the impact of solvent isotopic substitution on the surfactant conformation, 

orientation, and solvation at the air-water interface using SFG spectroscopy. 

The theoretical background of the SFG technique, as well as a detailed description of the 

experimental setup, are presented in earlier publications from our group.
16-17

 In a typical 

experiment, the visible and mid-infrared (IR) beams are overlapped temporally and spatially on 

the sample surface; the generated SFG beam from the sum of the two incident beam frequencies 

is then collected and detected. SFG spectra contain information about the conformation of 

interfacial molecules and the orientation of selected species both at the surface and interface 

using various polarization combinations. 
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EXPERIMENTAL SECTION 

The detailed description of the synthesis of Quat 1, sample preparation, and SFG 

experimental methods are provided in the supporting information. Solutions of surfactant 1 (60 

mL, 8.0 mM) were prepared in H2O, D2O, and in a 1:1 (v/v) H2O/D2O mixture. In the latter case, 

as the equilibrium constant for the exchange between H2O, D2O, and 2 HOD is 3.86,
18

 the 

H2O/HOD/D2O ratio is approximately 1:2:1. The SFG spectra were recorded with SSP and PPP 

polarization combinations in the CH regions; S and P refer to the beam perpendicular and 

parallel, respectively, to the plane of incidence. The polarized beams are listed in the order of 

decreasing energy; SSP stands for SFG (S), visible (S), and mid-IR (P) beams, respectively.
16

 

RESULTS AND DISCUSSION 

Quat 1 generates SFG signals from the vibrational modes of (1) the terminal methyl group of 

the octyl chain, (2) the methylene units, (3) the ammonium methyl groups, and (4) the benzyl 

unit. Figures 1a and 1b show, respectively, the SSP- and PPP-polarized fitted SFG spectra of 

Quat 1 in H2O (top panel), in a 1:1 mixture of H2O and D2O (middle panel) and in D2O (bottom 

panel); the simplified version of the fitting equation is presented in the SI section. In the SSP 

polarized spectra (see Figure 1a), the two peaks highlighted in green are assigned to the 

methylene symmetric stretch (CH2 SS)
19-20

 at  ~2850 cm
-1

 and to the terminal methyl symmetric 

stretch (CH3 SS)
19-22

 at  ~2875 cm
-1

. All peak positions were taken from the fitting results (see 

Tables S1-S3). The two peaks highlighted in blue are assigned to the methylene asymmetric 

stretches (CH2 AS) at ~2915 cm
-1

 and to the methyl Fermi resonance (CH3 FR)
19-20, 22-23

 at ~2930 

cm
-1

. The CH3 FR signal can be fully described from the CH3 SS split caused by the FR 

interaction with the methyl bending modes.
24

  Ammonium methyl symmetric stretches (N-CH3 

SS)
25-27

 at ~2979 cm
-1

, and asymmetric stretches (N-CH3 AS)
25-27

 at ~3045 cm
-1 

are highlighted 
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in orange and yellow, respectively. However, since the vibrational band at ~3045 cm
-1

 is broad , 

the peak can be a combination of both N-CH3 AS and aromatic CH stretches.
28-30

 The detection 

of the aromatic CH stretches benefits from the average position of the phenyl ring of the benzyl 

group when it is close to being positioned perpendicular to the surface plane.
29

  

In the PPP polarized spectra (see Figure 1b), the highlighted regions from left to right are 

assigned to the methylene Fermi related mode (CH2 FR)
19

 at ~2850 cm
-1

, terminal methyl 

symmetric stretches (CH3 SS) at ~2885 cm
-1

, methylene asymmetric stretches (CH2 AS) at  

~2920 cm
-1

, and methyl asymmetric stretches (CH3 AS)
20, 23

 at ~2960 cm
-1

. The CH3 SS mode is 

shifted by ~10 cm
-1

 from SSP to PPP polarization combination due to the Fermi resonance 

interaction experienced by the methyl group with the overtone of the methyl bending vibrational 

mode.
24, 31-32

  In addition, some vibrational modes from the head group are not visible in the PPP 

polarized spectra. This could be due to an intrinsically weak SFG signal caused by random 

orientation, or by an orientation change of the head group in the laboratory frame.
27

 However, 

the Davies group recently reported33 the SFG spectra of CTAB with a deuterated alkyl chain in 

water medium, and observed the N-CH3 AS positioned at ~3025 cm-1 in both H2O and D2O at 

PPP polarization combination. Therefore, we carried out an additional experiment to support our 

results on the non-observation of the signature band of the N-CH3 AS, and to determine the 

factor that can influence the observation of headgroup vibrational modes at PPP polarization 

combination. We recorded the spectrum of CTAB (0.10 mM in water) at 3000 cm-1 IR wave 

center, in both SSP and PPP polarization combinations (Figure S2). We did not observe the 

vibrational modes arising from the headgroup at PPP polarization combination, especially N-CH3 

AS (Figure S2 (b)). This observation is similar to that reported by Evan and coworkers with 

CTAB in water medium.27 One possibility could be the differences in the experimental approach. 
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The Davies group used a 4.2 mM CTAB solution in CHCl3, which was spread on water using a 

Teflon trough and had the ability to compress the monolayers, whereas the Evan group used a 

range of bulk concentrations from 50 M to 2.0 mM in water. Our bulk concentration was ~0.10 

mM CTAB; the aqueous solution was placed in a clean petri dish, and the experiment was 

carried out under N2. Our conditions are thus rather similar to the ones used by Evan and 

coworkers, with a similar outcome.  

Quat 1 Headgroup. While PPP polarized spectral profiles are not significantly solvent-

dependent, important variations in the SSP polarized spectra are observed when H2O is replaced 

with D2O. In H2O, the head group N-CH3 SS, N-CH3 AS, and aromatic CH stretch modes are 

visible, whereas in D2O the signals are absent or negligible.  

  
Figure 1. Fitted SFG spectra at a Quat 1 solution (8.0 mM) in H2O, D2O, and in a 1:1 mixture of 

H2O and D2O at (a) SSP and (b) PPP polarization combinations acquired from 2800 to 3000 cm
-1
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(3 IR centers with a full width at half maximum (FWHM) of ~287 cm
-1

). See narrative for color 

coding. 

The enhancement in the N-CH3 and aromatic vibrational modes signal from H2O to D2O 

is likely the result of a constructive interference between CH and the tail of H2O vibrational 

modes. H2O-D2O exchange experiments reveal that the spectral shapes and peak intensities are 

significantly influenced by interference from OH oscillators of H2O.34 The constructive 

interference between the CH and the OH resonances creates an enhancement of the SFG 

intensity of the peaks, whereas as a destructive interference creates a dip in the spectrum.9, 35 The 

peak enhancement in H2O is more evident when the concentration of the surfactant is low (See 

Figure S3), and the intensity of the CH signal increases as the intensity of the OH vibrational 

mode increases. In a study carried out by Geiger and co-workers, the SFG spectra of lipid 

bilayers in H2O showed a peak at ~2980 cm-1 that was caused by the interference between CH 

and OH stretches in the aqueous phase; the latter was not observed in D2O.34 The relative 

amplification of the spectral intensity of Quat 1 in H2O compared to Quat 1 in D2O caused by the 

CH/OH band interference would justify the relatively low intensity of the ~3050 cm-1 peak 

observed for Quat 1 in D2O, as there are no OH vibrational bands that contribute to the 

amplification of the intensity. Geiger and co-workers also reported that CH signals from lipid 

bilayers are less intense in D2O compared to H2O.36 

We also propose that the reduced intensity of the headgroup vibrational modes could be 

the result of a near zero-sum of net orientations of the N-CH3 groups among all conformers of 

Quat 1 present at the interface, caused by a conformational change of the headgroup in D2O. To 

support this statement, we present the SFG spectra of Quat 1 in H2O under different ionic 

strengths to evaluate any interference effect caused by the OH vibrational band and/or a third-
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order effect introduced by the bulk water (See Figure S4 (a)). At an interface where there is an 

electrostatic field, a third order effect or a 𝜒(3) interaction from the bulk water can also 

contribute to the overall SFG intensity.9 Geiger36 showed that as the salt concentration is 

increased, the SFG intensity of the CH and OH vibrational modes  is reduced, which is consistent 

with the changes in the combined contributions from second order resonant susceptibility (𝜒(2)) 

and third order optical properties of the bulk water given by the  𝜒(3) term to the overall SFG 

signal generation process of charged interfaces. In the absence of phase resolved measurements, 

the contributions of 𝜒(3) can be qualitatively estimated by determining the intensity difference 

between high and low salt conditions.36 In our case, the signal from N-CH3 SS and N-CH3 AS 

modes became more apparent as the H2O signal weakened by adding 1% (~0.17 mM) and 10% 

(1.7 mM) sodium chloride to the sample of interest. Now, it is more evident from the SSP 

spectrum at high ionic strength that the observation of the N-CH3 vibrational modes are not 

solely caused by the contributions of constructive interference from the CH and OH vibrational 

modes and  𝜒(3) effect.  

For any vibrational mode to be SFG inactive, in general, the molecules must be in a 

centrosymmetric environment where there is inversion symmetry (within the electric-dipole 

approximation).
37

 Also, any of the vibrational mode coming close to an orientation parallel to the 

surface will result in diminishing SFG signals.
38

 The absence of a particular vibrational mode 

could also come from the motional averaging effect of surface molecules; the SFG signal is 

affected if the rotational timescale for the surface molecules is comparable or faster than the 

vibrational dephasing time.39-40 To test the latter possibility, we calculated the free Gibbs energy 

of torsion for the trimethylammonium group of surfactant 2 around its N—CH2
octyl

 axis using 

density functional theory (DFT), the TPSS-D3(BJ) functional
41-43

 and triple- def2-TZVP basis 
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sets. The vibrational analysis was carried out for both ground and transition states of the torsion 

process to extract enthalpic and entropic contributions to the mechanism. A barrier of 5.7 

kcal/mol was obtained, which corresponds to a torsional isomerization rate of 4.0  10
8
 s

-1
, and a 

conformer half-life of 1.8 ns, using the Eyring formalism. We then estimated the vibrational 

dephasing lifetime (VDL) of vibrational modes using the fitting results of the molecular 

vibration damping coefficient, ; the VDL, which corresponds to 1/ was found to be within the 

ps regime (~20 ps for N-CH3, for example). Because the half-life of a conformer is several orders 

of magnitude longer than the VDL of vibrational modes (1.8 ns vs. 20 ps), we should have 

observed the N-CH3 vibrational modes in both H2O and D2O. However, since, the N-CH3 

vibrational modes are only apparent in H2O and almost negligible in D2O, we propose that the 

disappearance of N-CH3 vibrational modes in D2O is caused by the peculiar net orientation of all 

N-CH3 groups in the various conformers present at the interface. This does not seem to be the 

case in H2O. 

 The changes in orientation or conformation in H2O and D2O must be caused by subtle 

differences in the solvation of the ammonium head in these two solvents. Yet identifying those 

differences would be highly speculative, as the enthalpy and free Gibbs energy transfer of alkyl 

ammonium cations from H2O to D2O are negligible (< 0.2 ± 0.2 kcal/mol in the case of 

tetraethylammonium).
44-45

 The transfer of non-polar species from H2O to D2O is barely favorable 

(48 cal/mol in the case of argon at 25 ºC),
46

 while the transfer of hard Lewis acids such as Ca
2+

 

or Ba
2+

 is unfavorable (by 1.3 and 1.5 kcal/mol, respectively).
44

 In Quat 1, the alkyl substituents 

of the ammonium group reduce its electrostatic interactions with the solvent, and dampen the 

impact of solvent isotopic substitution on solvation. Further complicating the analysis of the 

solvent effect is the coexistence of multiple Quat 1 conformations with similar stabilities. DFT 
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optimizations and vibrational analysis (see above) in conjunction with the IEFPCM continuum 

solvation model,
47

 were used to screen the conformations. We present here the three most stable 

conformers (see Figure 2), with conformer 1a and 1c being just 0.2 and 0.8 kcal/mol less stable 

than conformer 1b, respectively. 

 

 

Figure 2. The three most stable conformers of Quat 1, as determined by DFT calculations. 

 

As a control, we recorded the SFG spectra of trimethyloctylammonium bromide (2; OTAB), 

which has an octyl hydrophobic chain and lacks the benzyl group in the headgroup (Figure S5). 

We observed that the vibrational modes from the headgroup are evident in H2O and almost 

negligible in D2O, similarly to Quat 1. A peak positioned at ~3050 cm-1 and assigned to the N-

CH3 AS mode was observed from the SSP SFG spectrum (see Figure S6 in SI where a 

comparison of Quat 1 and OTAB 2 is provided), thereby confirming the presence of N-CH3 

vibrational modes at the air-water interface. Moreover, the ~3050 cm-1 peak observed in OTAB 

(2) in D2O is minimal (see Figure S5 bottom panel); this suggests that the aromatic stretches 

could contribute to the ~3050 cm-1 peak observed for Quat 1 in D2O. 

An evident shift of the OH stretch tail compared to pure H2O  is observed closer to the 

position of the headgroup’s vibrational modes (see Figures 1a and S7, ~3175 cm
-1

), which can be 
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attributed to an increased electrostatic field in the double-layer region as a result of the 

separation between the headgroup and the bromide ions as counterions.
9
 The enhanced SFG 

signal at the lower frequency (~3175 cm
-1

) could be caused by increased hydrogen bonding 

between the cationic head group and the interfacial water molecules, which then engage in 

further hydrogen bonding within the double-layer.
9
 Also, due to the positively charged nature of 

the headgroup, destructive interference between the CH3 FR and the OH stretch vibrational mode 

created a dip positioned at ~2954 cm
-1

. This dip is not observed in D2O (see Figure 1a).  

Quat 1 Octyl Tail. Isotopic substitution of the solvent also affects the conformation of the 

tail group. The CH2 SS (~2850 cm
-1

) to CH3 SS (~2875 cm
-1

) signal ratio decreases from H2O to 

D2O (see Figure S7); this indicates a decrease in the number of gauche defects in the octyl chain 

and an increase in conformational order in the monolayer.9, 38, 48
 This observation indicates an 

improved hydrophobic interaction of the tails that may result from or even cause the 

conformational change of the head group in D2O.
3
 

We note that in the SSP spectra of the mixed solvent system, features of both H2O and D2O 

spectra are observed. The octyl chain conformation in the mixture of solvents is more similar to 

the one in H2O, and the head group conformation is more similar to the one in D2O.  

Interactions between Quat 1 and the solvent. SFG spectra of the 1:1 H2O/D2O mixture, both 

in the absence and in the presence of Quat 1, were collected in the O-D, C-H, and O-H 

vibrational regions to investigate further H2O and D2O interactions with the surfactant (see 

Figure 3). As noted above, the cationic character of Quat 1 creates an electrostatic field once 

adsorbed at the interface; this field then influences the orientation of the water molecules at the 

air-liquid interface.
27, 35

 The motivation behind the 1:1 isotopic dilution is to minimize the 

vibrational coupling that exists in both H2O and D2O molecular systems. This intramolecular 
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interaction results from the coupling of the symmetric stretch vibrations split by a Fermi 

resonance with the overtone of the water bending mode. This interaction gives rise to a more 

complicated double peak feature in the SFG spectra of aqueous interfaces.49-51   Using the proper 

ratio between H2O and D2O in a mixed solvent system can result in the observation of the 

fundamental OD and OH stretch vibrational modes via decoupling of the intramolecular 

forces.
49-51

 Also, the intramolecular coupling dominates the vibrational response from H2O/D2O 

interfaces, and the frequency of the two OH/OD stretch peaks becomes less sensitive to the fine 

details of the local H-bonding environment.49 Therefore, to characterize the H2O and D2O 

interactions with the surfactant, it is more reliable to consider the changes in the HOD frequency, 

than only considering the spectra of Quat 1 in pure solvent systems. In our experiment, we 

selected 1:2:1 ratio (H2O/HOD/D2O) to observe subtle changes in the interactions between Quat 

1 and the solvents (pure and mixed solvent systems-See Figure S7). After decoupling, The OH 

and OD stretch positions (see Figure 3) are indicative of the H-bonding strength of water or D2O 

at the interfaces.
49, 52-55

 In the OD region, in the absence of Quat 1, the broad peak centered at 

~2475 cm
-1 

is assigned to contributions of the OD stretch vibrational mode of HOD and residual 

D2O (see blue curve in Figure 3).
50

 The sharp peak observed at 2740 cm
-1 

is assigned to the 

dangling mode of free OD.  In the OH region, in the absence of Quat 1, the peak at ~3300-3450 

cm
-1

 is assigned to vibrational mode contributions from HOD and residual H2O molecules.
55

 The 

OH stretch vibrational mode is centered at ~3340 cm
-1 50

 while the dangling mode of free OH is 

observed at ~3700 cm
-1

.
56

   

As mentioned before, we varied the concentration of salt in the solution to verify and 

emphasize the presence of the headgroup’s vibrational modes with reduced interference from the 

OH vibrational modes. In relation to what happens at the solvent level, the ionic strength of the 
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solution increases, thereby the Debye screening length decreases;  the volume of the non-

centrosymmetric region of the interface that generates the SFG signal thus decreases as well.57 

We have provided a comparison of SFG spectra of Quat 1 from 2800 cm-1 to 3800 cm-1 (See 

Figure S8).  We do not observe any peak shift of the OH stretch (~3175 cm-1) going from 0% salt 

to 1% salt. This suggests the 1% salt concentration has only a minor impact on the hydrogen 

bonding network in the double- layer.36 However, when the salt concentration is increased up to 

10%, the peak at ~ 3175 cm-1 shifted to ~3250 cm-1 suggesting a change in the network. 

 

Figure 3. SFG spectra of a 1:1 mixture of H2O and D2O in the absence (blue curve) and presence 

(red curve) of Quat 1 (8.0 mM) with an SSP polarization combination. The yellow section 

highlights both the OD and the OH regions. 

In the presence of Quat 1 (see red curve in Figure 3), the vibrational modes from free OD and 

free OH dangling modes (~2740 and ~3700 cm
-1

, respectively) are not visible. This observation 

could be due to (1) an ordered orientation of the water molecules at the interface as influenced by 

the ammonium-based headgroup
27

 and (2) the adsorption of more surfactant molecules at the air-

water interface compared to the number of interfacial water molecules.
58

 The shoulder positioned 
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close to ~2475 cm
-1

 at approximately 2420 cm
-1

 is assigned to the bonded OD stretch of a 

structured configuration;
9
 this spectral feature suggests a more bonded D2O structure at the 

interface in the presence of the surfactant. Yet because the broad peak at 2475 cm
-1

 remains 

significant, D2O molecules are not completely tetrahedrally coordinated.
9,11

 A similar shoulder at 

~3240 cm
-1

 in the OH vibrational region also indicates that H2O is more ordered at the interface 

in the presence of the surfactant.
11

 

Concentration Dependence. We then tested whether the concentration of Quat 1 would 

affect its arrangement at the air-liquid interface in H2O and D2O. Surface tension measurements 

and isothermal titration calorimetry (ITC) were both used to determine the critical micelle 

concentration (CMC; see SI section for details). Surface tensions decreased from 76.1 ± 0.1 to 

44.5 ± 0.03 mN m
-1 

and from 70.0 ± 0.3 to 44.6 ± 0.1 mN m
-1 

upon addition of Quat 1 to H2O 

and D2O, respectively (up to 8.0 mM; see Figure S9 in the SI section). The surface tension 

measurement did not reach the CMC value for Quat 1. Although, the surface tension values were 

obtained for 8 mM Quat 1 in H2O (44.5 ± 0.03 mN m
-1

), 1:1 H2O:D2O (47.5 ± 0.1 mN m
-1

), and 

D2O (44.6 ± 0.1 mN m
-1

). In ITC experiments, aliquots of a concentrated solution of Quat 1 

(0.30 M) were added to the pure solvent, and the heat generated was measured after each 

addition. Often abrupt changes in the enthalpograms indicate that CMC has been reached.
59-63

 

Using this method, CMC in D2O was estimated at 12 mM (see Figure S10 for the enthalpogram); 

experiments carried out in water were inconclusive, as the recorded enthalpograms were no 

different from those obtained upon dilution of a solute that does not form micelles. 

Concentrations below and above CMC were chosen for Quat 1 to test concentration effects on 

the arrangement at the water (or D2O)-air interface (0.5, 8.0 and 20 mM; see Figure S3, and 

Tables S4-S7). We observed the vibrational modes described above at all concentrations in both 
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H2O and D2O, as well as similar CH2 SS to CH3 SS ratios. The arrangement of Quat 1, including 

the numbers of gauche defects in the octyl tail, is thus concentration independent. 

Orientational Analysis. The mathematical details of the orientational analysis were 

previously reported by our group,
16-17

 and the parameters used to generate the simulated SFG 

curves, the average tilt angles, and the orientation distribution angles of the terminal methyl 

group are provided in Table S8. We then determined the average orientation of the tail relative to 

the air-water interface using the ratio between the CH3 SS and CH3 AS signals in the PPP 

polarization combination (see Figures S11-S13 and Table S9). It has recently been reported that 

analyzing PPP is beneficial compared to SSP and PPP polarization combinations because one 

can avoid difficulties resulting from the CH3 SS split caused by Fermi interaction with an 

overtone of the bending mode and interference of the CH vibrational modes with the OH stretch 

of the interfacial water.
27, 64

 A range of 30.8 – 40.5º was found for the average tilt angle (𝜃) of 

the terminal methyl group of the alkyl tail. In an all-trans methylene configuration, the difference 

in tilts between methyl groups and the overall alkyl chain is 41.5º.
65-67

 Therefore, the tilt for the 

alkyl tail would range from 1.0º to 10.8º relative to the surface normal. This supports an ordered 

monolayer adsorbed at the air-water interface.
10

 Neither the concentration of Quat 1, nor the 

nature of solvent affected the tilt angle (see Table S9).  

CONCLUSION 

In summary, we identified a profound isotopic effect on the geometry and arrangement of 

positive surfactant 1 at the air-H2O and air-D2O interface. Addition of D2O rearranges its 

dimethylamino group parallel to the interface (on average), and straightens its octyl chain (i.e., 

reduces the number of its gauche defects). We also showed that the ammonium unit reinforces 

H2O, HOD and D2O cohesion at the interface.  
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