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S1. SFG spectra of Au film

Figure S1 SFG spectra of Au film at the CaF2 prism interface within the wavenumber ranges of 

(A) 1300−1800 cm−1 and (B) 2800−3800 cm−1.

S2. SFG spectra of deposited monolayers
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Figure S2 SFG spectra of the deposited (A-D) DMTAP monolayers and (E-H) DMDAP 

monolayers at the CaF2/air interface. The averaged (I) Ippp spectra and (J) Issp spectra of the 

DMTAP monolayer and DMDAP monolayer.

S3. Zeta potential results of DMTAP and DMDAP liposomes.

For Zeta potential measurements, the lipid vesicles with a diameter of 400 nm were prepared by 

the vesicle extruder (Avanti polar lipids Inc.). The samples of lipid vesicles were dissolved in DI 

water with a concentration of 20 M.  Zeta potential measurements were performed on Zetasizer 

Nano ZS90 (Malvern Instruments) using a U-shaped sample cell via laser Doppler Velocimetry. 

The sample cell was rinsed with ethanol then DI water at least 3 times before adding the solution 

of lipid vesicles. The measurements were repeated 3 times for repeatability and accuracy.
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Figure S3 The potential-dependent counts of DMTAP liposome and DMDAP liposome. The solid 

lines are the Guass fitting curve of the liposome counts from each zeta potential measurement.

Table S1. The fitting parameters of zeta potential data.

Lipid DMTAP DMDAP

ζ0 56.4 24.4

width 10.0 6.40 

ζ0 59.4 24.5 

width 8.54 5.25 

ζ0 57.4 24.7

width 8.47 6.01 

Average 

ζ0
57.7 ± 2.2 24.5 ± 0.2

S4. Calculation of surface charge density and surface potential
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The surface charge density can be calculated based on the mean molecular area of the lipid 

molecules at 32 mN/m and the head group ionization ratio of each lipid monolayer. It should 

be noted that in this calculation, only the charge of the outer leaflet of lipid bilayers is 

considered. The charge/ionization ratio of –tri-methyl-ammonium groups (DMTAP, DMEPC), 

and –di-methyl-ammonium groups (DMDAP) were set as +0.85, +0.5, and +0.4, respectively.1 
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where  is the summation of surface charge density,  are the Boltzmann constant sum ,B Ak N

and the Avogadro constant, and  relative dielectric constant, dielectric constant in r 0

vacuum, C is the molar electrolyte constant.2-6

Table S2. Estimated surface charge density and surface potential of lipid membranes

Lipid DMTAP DMDAP

Monolayer
Mean molecular area

( Å2)
69.5 38.4

Surface Charge Density
(C/M2)

0.196 0.166

Surface Potential
(mV)

+288 +246
Bilayer
before 

interaction
Liposome Zeta Potential

(mV) *
57.7 ± 2.2 24.5 ± 0.2

S5. SFG spectra of unconjugated AS1411 molecules
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Figure S4 SFG spectra of unconjugated AS1411 molecules interacting with DMTAP lipid 

bilayers in the wavenumber range of 2800−3800 cm−1.

S6. SFG spectra of the lipid bilayer in D2O 

Figure S5 SFG spectra of (A) DMTAP and (B) DMDAP lipid bilayers in D2O solution.

S7. Fitting of SFG−VS Signals

S5



As described in detail elsewhere, the intensity of the SFG light is proportional to the square 

of the sample’s second-order nonlinear susceptibility ( ), and the intensity of the two input )2(
eff

fields  and , see eq. (S1).  vanishes when the structure of contributing )(1 visI  )(2 IRI  )2(
eff

molecules/medium has an inversion of symmetry.2-6
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where . As the IR beam frequency is tuned over a vibrational resonance of visIRSFG  

surface/interface molecules, the effective surface nonlinear susceptibility can be greatly enhanced. 

By assuming the frequency dependence of  at the charged surface in the ionic solution can be )2(
eff

described is described by: 2-5
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where  and are the non-resonant response, the response of molecules on the surface, 
(2)
NR (2)

s
(2)
EDL

and the response of molecules in electric double layer respectively. If we assume the molecules on 

the surface and the molecules in the electrical double layer have the same vibrational resonance.

The fitting parameters ( , , ) in different salt concentrations are listed in Table S3. 1/ k 1/ zk 0

The plot of the SFG signal vs. the IR input frequency shows a polarization-dependent vibrational 

spectrum of the molecules at the surface or interface. , , and  can be extracted by fitting A  

the spectrum using Eq.S5.
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where , and  are the resonant frequency, and damping coefficient of the vibrational mode(),  

respectively. , are the amplitudes of the second-order susceptibilities of the surface and (2)
sA (3)

BA

third-order susceptibilities of the EDL. 

Table S3. The fitting parameters for .
(2)
EDL

Concentration
Mol/L

1/ k
nm

1/ zk
nm

F1 F2

0.001 96.1 43 0.1667 0.3727

S8. The fitting parameters of AS1411 molecules 

Table S4. The fitting parameters of AS1411 molecules

Molecules
DMTAP
AS−A

DMTAP
AS−C

DMDAP
AS−A

DMDAP
AS−C

Assignments

1370 1382 1370 1370 C2’ −endo/syn−dG
1398 1400 1398 1398 CH2 bending
1450 1450 1450 1450 CH3 bending
1484 1475 1483 1482 dG−N5 ring stretching
1538 1533 1539 1539 dG−N7 ring stretching
1570 1569 1569 1569 dG or dT ring 
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stretching
1611 1611 1610 1610 dG−NH2 bending

1662 1662 1659 1665 dT in-phase 
C4=O/C5=C6 stretching

1710 1715 1709 1713 dG C6=O & C8=C9 
stretching

N/A N/A N/A 2847 CH2- symmetric 
stretching

N/A N/A N/A 2877 CH3- symmetric 
stretching

N/A 3087 3070 3072 CH stretching in dG and 
dT

3171 3145 3114 3118 NH stretching in dG and 
dT

3265 3264 3255 3256 NH2-Fermi 

3397 3396 3389 3392 NH2 symmetric 
stretching

N/A 3479 3480 3485 NH2 anti-symmetric 
stretching 

S9. The orientation and Susceptibilities of molecular groups

     The molecular orientation information can be obtained by relating SFG susceptibility tensor 

elements  in the laboratory frame to the SFG molecular hyperpolarizability ),,,,( zyxkjiijk 

tensor elements in the molecular frame via the Euler transformation.6, 7 The ),,,,( cbanmllmn 

Euler transformation used here follows the z-x-y convention, which has a matrix in the following 

formula. 
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The components of the )2(
eff  of the ssp, and ppp polarization combinations are given in 

susceptibilities in the lab coordinate system which is defined as the z-axis is along the surface 

normal and the x-axis is in the incident plane.8-11
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where SF, Vis, and IR are the angles between the surface normal and the sum frequency beam, 

the input visible beam, and the input IR beam, respectively. Lii (i = x, y or z) denotes the Fresnel 

coefficients.

For lipid monolayers at CaF2/air interface, Eq. S10 and Eq. S11 are then given by:

                                                   \* MERGEFORMAT (S12)(2) (2)
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                          \* MERGEFORMAT (S13)(2) (2) (2) (2) (2)
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Because  equals to  for C∞ symmetry, the  and susceptibility components )2(
xxz )2(

yyz )2(
xxz (2)

zzz

are the main contributors to the ssp and ppp signals, respectively. With an azimuthal symmetry of 

the molecules at the interface, the dependence of  and susceptibility components on the )2(
xxz (2)

zzz

molecular hyperpolarizability can be described by the following equations. 8-11

A mode: 
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where .
(2) (2)
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For the lipid bilayers and AS1411 molecules at CaF2/water interface, the Fresnel coefficient 

constants are then given by:
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are the main contributors to the ssp and ppp signals, respectively. With an azimuthal symmetry of 

the molecules at the interface, the dependence of  and susceptibility components on the )2(
xxz (2)

zzz

molecular hyperpolarizability can be described by the following equations. 8-11

A1 mode:
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where  is the twisting angle of the nucleotide base groups. 

For the nucleotide groups which can be freely rotated, the Eq. S18 and Eq. S19 can be simplified 

into: 
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where

                                   \* MERGEFORMAT (S22)
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S9.1 CH3 symmetric stretching mode

By setting the  value for the CH3-SS mode as 3.4, the deduced tilt angle related function of r

susceptibilities , , and susceptibility ratio( ) pppG  ( )sspG 

 can be plotted as a function of the tilt angle.
3 3

(2) (2)
ppp,CH -ss ssp,CH -ss/ ( ) / ( )ppp sspR G G    

Figure S6 Simulated tilt angle related function of susceptibilities (A) , (B) , and (C) 𝐺𝑝𝑝𝑝 𝐺𝑠𝑠𝑝

susceptibility ratio  of CH3 symmetric stretching mode.
 𝑅 =

 (2)
𝑝𝑝𝑝

(2)
𝑠𝑠𝑝

=
𝐺𝑝𝑝𝑝

𝐺𝑠𝑠𝑝

S9.2 Thymine C4=O & C5=C6 in phase stretching mode
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The Raman tensors of thymidine groups at 1665 cm−1 have been reported in previous literature 

(C1 coordinates,  = 4.31, = 0.25).12, 13 The molecular coordinate is determined 
(2)

(2)
aa

a
cc

r 



(2)

(2)
bb

b
cc

r 




by taking the plane of thymine aromatic ring as bc plane and taking the vector as c-axis. The 
4C O





IR dipole moment at the wavenumber of C4=O & C5=C6 in-phase mode either can be the same as 

the vector of C4=O bond or can be calculated using the vibration displacements of each atom (

, ,  ) listed in the Guassian output file (*.out or *.gjy). 12, 13x
Q



y
Q



z
Q


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Where  is the relative mass of each atom, ,  and  are the dipole derivatives of nM n

x



n

y



n

z



each atom listed at the end of the Guassian output file. It should also be noted that the guanine 

residues also have contributions to SFG intensities around 1665 cm−1, which may affect the 

accuracy of the fitting results of 1665 cm−1 (C4=O & C=C in phase stretching of thymine groups) 

peak.

 Table S5. Derivatives of Raman tensors and IR transition dipoles of C4=O & C5=C6 in phase 

stretching mode at 1665 cm−1.

Vibrational mode  Raman

Q



 IR

Q



Data from Ref. 13

0.232 0 0
0 0.058 0
0 0 1

0
0
1

Calculated Results*

0.329 0.137 0.283
0.137 0.127 0.142
0.283 0.142 0.834




 

0
0
1

*The derivatives of IR dipole of Thymidine groups were calculated by Guassian 09 using 

S12



Hartree-Fork method with 3-21G+** basis.14

The deduced susceptibilities , , and susceptibility ratio  can also  (2)
𝑝𝑝𝑝 (2)

𝑠𝑠𝑝 (2) (2)
ppp,thymine ssp,thymine/ 

be plotted as a function of the tilt angle. 

Figure S7 Simulated tilt angle related function of susceptibilities (A) , (B) , and (C) 𝐺𝑝𝑝𝑝 𝐺𝑠𝑠𝑝

susceptibility ratio  of C4=O & C5=C6 in phase stretching mode of thymine group.
 𝑅 =

 (2)
𝑝𝑝𝑝

(2)
𝑠𝑠𝑝

=
𝐺𝑝𝑝𝑝

𝐺𝑠𝑠𝑝

S9.3 Guanine dG−N5 ring stretching mode at ~1485 cm−1.

The Raman tensors of guanine residue at ~1485 cm−1 were reported in previous literature.15, 16 The 

IR dipole of guanine residue (G7K, most stable) was calculated by Guassian09 using Hartree-Fork 

3-21G+** method. 14 The molecular coordinate is determined by taking the plane of guanine 

aromatic ring as YZ plane, the vector as Y-axis, and the vector as Z-axis. The IR 7 5N NV


 6C OV




dipole moment at the wavenumber of 1485cm−1 was calculated using the vibration displacements 

of each atom listed in *.out file.
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Figure S8. The IR dipole of Guanine base residue which calculated by Guassian09.

The Raman tensors and IR dipoles of quadruplex structures were calculated based on the NMR 

results and molecular coordinates of oligonucleotide molecules. The PDB IDs for C12TG14  and 

C12Oxy28 are 148D and 201D respectively (DOI:10.2210/pdb148d/pdb  and 

DOI:10.2210/pdb201d/pdb) . The detailed calculation methods can be found in recent reviews. 10, 

11 

Table S6. Raman tensors and IR dipoles of guanine residue at 1485 cm−1(dG−N5 ring stretching).

Structure  Raman  IR

S14

http://dx.doi.org/10.2210/pdb148d/pdb
http://dx.doi.org/10.2210/pdb201d/pdb


Data from Ref. 

13

0.023 0 0
0 1 0
0 0 1

0
0
1

Calculated 

Results*

0.149 0 0
0 1 0
0 0 1

0.107
0.328
0.938

According to the calculation results, the deduced tilt angle related function of susceptibilities 

( ) and susceptibility ratio  of dG−N5 ring stretching of the guanine 𝐺𝑝𝑝𝑝,𝐺𝑠𝑠𝑝  𝑅 =  (2)
𝑝𝑝𝑝/(2)

𝑠𝑠𝑝

groups are plotted as a function of the tilt angle. 

Figure S9 Simulated tilt angle related function of susceptibilities (A) , (B) , and (C) 𝐺𝑝𝑝𝑝 𝐺𝑠𝑠𝑝

susceptibility ratio   of dG−N5 ring stretching of guanine groups.
 𝑅 =

 (2)
𝑝𝑝𝑝

(2)
𝑠𝑠𝑝

=
𝐺𝑝𝑝𝑝

𝐺𝑠𝑠𝑝

S10. Time dependence of the calculated SFG susceptibility ratios 
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Figure S10 The time dependence of the calculated SFG susceptibility ratios  1665 ppp ssp/R I I

(1665 cm-1) during the adsorption of conjugated AS1411 molecules on cationic lipid membranes. 

(A) DMTAP + AS−A; (B) DMTAP + AS−C; (C) DMDAP + AS−A; (D) DMDAP + AS−C.
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