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Figure S1 SFG spectra collected in the wavenumber range of 1550-1800 cm™ at various Cqr. A.

25 nM — 125 nM. B. 250nM — 600 nM.
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Figure S2 SFG spectra collected in the wavenumber range of 1000-1200 cm™ at various Cqr. A.

25 nM - 100 nM. B. 125 nM — 500 nM.
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2. SFG-VS spectrain D,O

4F ?
3 _B O Ly & Ly 125 nM
2
1
e S 0:~ ” )
08F 50 nM 3k 150 nM
= ~ 2
= F
8 ol
E3y & OF
w - ¢y =
£ 20 75 nM g 3 -
e 1.5 g5 2
—~ 1.0 = E
9 05 W
»vnn 0.0 i % 0_
2.5 100 nM 3E
2.0 :
15 2F
1.0 1E
1550 1600 1650 1700 1750 1800 1550 1600 1650 1700 1750 1800

> -1
Wavenumber (cm l) Wavenumber (cm )

Figure S3 SFG spectra collected in the wavenumber range of 1550-1800 cm™ at various Cqr. A.

25nM - 100 nM. B. 125 nM — 600 nM.
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Figure S4 SFG spectra collected in the wavenumber range of 1000-1200 cm™ at various Cqr. A.

25 nM - 100 nM. B. 125 nM — 500 nM.
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3. Origins of SFG-VS signals at charged surface

Scheme S1 Electronic double layer (EDL) structure of Gouy-Chapmann-Stern model and its

contributions to SFG signals
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The SFG-VS signals generated from the charged surface have contributions from both the

second-order 2 and third-order 2 nonlinear susceptibilities: 2

K

(22 _ (2) (3)
lses o P [ 1yilir = [Ng e + Ny Ze ¥o——
K —iAk,

]|2 lyisl (S1)

where N, is the molecular abundance at the interface, N, is the molecular abundance in the
solution of diffusive layer, and ‘¥, is the surface potential. The sign of @, is determined by

the sum charge density at the surface (oy,, ):

w, = 2T Ginpt Tsum (S2)
8000k, TN ,Ce,é,
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Thus function S1 indicates that the SFG signals can be generated from both the interfacial

adsorbed molecules and the molecules within the electronic double layer. For SFG signals of

oligonucleotide molecules, the contribution from Ndzéff)GJO_Lusually can be ignored
- z

due to the small concentration (N, [] N,*10°Mol/L) in solution. For SFG signals of

H,O/D,0 molecules (N, = N,*55 Mol/L) at charged lipid bilayer, the contribution from

7 can be comparable with the contribution from x2 . The signs of both terms in function

S1 (N, % and Nd;(e‘?CDO% ) are determined by the sign of surface charge
K —iAK,

(Osum = O pmrap T 0qr, ). Previous ultrafast vibrational relaxation SFG experimental results

and heterodyne SFG-VS results show that water near a charged surface is similar to that of

bulk water at ionic strength of 10 mM, which indicate the bulk contribution is the dominant

part of function S1 at such concentration.** When the surface reaches the point of zero

charge (PZC), the term of N, #{? is the dominant part of function S1. When the dTas

molecules adsorption reaches maximum and the water molecules at the DMTAP/solution

interface are excluded by the dT,s molecules. N, , =0, the value of SFG intensity is

K

determined solely by N, y&®d, ———.
K —iAk,

4. Fitting of SFG-VS Signals

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 fields I,(w,,) and 1,(®y), see eq. (S1). x vanishes when the structure of contributing

is

molecules/medium has an inversion symmetry.>**

(2)

221 1 (@)1, (@) (S3)

I (@ges ) o<
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where oy = 0 +@,;. As the IR beam frequency is tuned over a vibrational resonance of

surface/interface molecules, the effective surface nonlinear susceptibility 7 can be greatly

enhanced. The frequency dependence of x? is described by eq. (S2)

Zeff (a)SFG) Z(Z) Z e +IL, (54)

Where A, o,, and I', are the strength, resonant frequency, and damping coefficient of the
vibrational mode(v), respectively. The value of A -e'"” can be either positive or negative
depending on the phase ¢ of the vibrational mode. The plot of SFG signal vs. the IR input

frequency shows a polarization-dependent vibrational spectrum of the molecules at surface or

interface. A, @,,and I', can be extracted by fitting the spectrum using eq.S2.

2. Susceptibilities of molecular groups

The molecular orientation information can be obtained by relating SFG susceptibility tensor
elements y;, (i, j,k =X,y,2) in the laboratory frame to the SFG molecular hyperpolarizability
tensor elements £,.,(I,m,n =a,b,c) in the molecular frame via the Euler transformation.>* The

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

shown in eq.S4.

Zlﬁi)q = Z N <R R Rkn >IBImn q (85)
I,m,n
—Ysi’n(go) cos(@)sin(y) +cos(p)cos(y) —sin(e)cos(d) cos(y) —cos(e)sin(y)  sin(e)sin(0) (S6)
cos(¢p) cos(8)sin(y) +sin(@)cos(y)  cos(e) cos(d) cos(w) —sin(p)sin(y)  —cos(e)sin(6)
sin(@)sin(y) sin(@) cos(y) cos(6)

The components of y? of ssp, and ppp polarization combinations are given in equations

(S5)-(S6) in the lab coordinate system which is defined as the z-axis being along the surface

normal and the x-axis being in the incident plane.>®
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Zegf?,ssp = I-yy (a)SF ) Lyy (%is ) Lzz (wIR )Sin ﬁIR Z)(qz/z) (87)

Zéfzf) ppp —L (@ge )Ly (arss )Ly, (@) ) €OS B €OS B SIN B Zfofz)
— L, (0 )L, (a5 )L, (@i ) COS B SN By €OS B 1o
+ L, (05 ) Lo (@i ) Ly (@) SN B €OS By €OS B 1 )
+ L, (05 )L, (9 ) L, (0 ) SN B sin By sin B 1 5)

(S8)

where Sse, Bvis and fFir are the angles between the surface normal and the sum frequency beam,
the input visible beam, and the input IR beam, respectively. L; (i = X, y or z) denotes the Fresnel

coefficients.
2.1 Symmetric PO, stretching:

After considering the Fresnel coefficient constants under this experimental geometry,

eqs.(S5-S6) are then given by

etsop =1.1007,) (S9)

yyz
28 o =—0.1144% +0.989,2 (510)

The symmetry of PO, group can be treated as C,, symmetry. The peaks at ~ 1090 cm™ can be
assigned to A; modes.*? The susceptibility tensor elements of A; mode in C,, Symmetry are

described as following equations.®*°A; mode:

208 = yom 2L N, B..o[(cos’ )R, +(sin* y ) R, +1](cos 0)
2 (S11)

+% N [{sin? )R, +(cos” y) R, ~1]{cos" )

ZE% = NS [(sin’ w)R, +(cos’ y) R,](cos 0)

=N, B, [(sin” ) R, +(cos’ ) R, ~1] (cos’ 0) (512)

where y is the twisting angle of PO," group. Using the bond polarizability derivative model, the

polarization ratios of R, and R, of O =P =Qstretch in dT,5 molecules is determined by taking rp.
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o = 0.2(corresponding Raman depolarization ration is 0.155) and t=120°"°

_ Baae 1+r—(1-r)cost

= = S13
* B l+r+(@-r)cost (513)

R, = Bobe _ 2r (S14)
P 1+r+(@-r)cosr

According to egs.(S16) and (S17), the deduced susceptibility ratio ;(;’ZJLPO__SS/ ;(S(SZ;PO,_SS at
w = 0°can be plotted as a function of the tilt angle (shown in Figure S3).
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Figure S5 The deduced susceptibility ratio X o0, s / Zppo, s 18 plotted as a function of the tilt

angles of PO, group treating O =P =0 bond as having C,, symmetry.

2.2 Thymine C4,=0 & Cs5=C; in phase stretching

After considering the Fresnel coefficient constants under this experimental geometry,

eqs.(S5-S6) are then given by

Xy =1.3197%7 (S15)
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@  =-013772 -0.1104? +0.105,2 +1.184 42 (S16)

Z eff, ppp XXZ XZX zxx

Because y{3) equals to x\7 for C, symmetry, the x{2 and y{? susceptibility components

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 y? susceptibility components on

the molecular hyperpolarizability can be described by the following equations. >™*°

A1 mode:

Z)Efz) M= 13(/52) M=z Nsﬂccc[<co82 W> Ra + <Sin2 l//> Rb +1]<C059>
(517)

+% Nschcc[<Sin2 V/> R +<c052 W> R, _1]<cos3 9>

22 = NS [(sin’ w)R, +(cos’ y) R,](cos 0)

— N, B [{sin? )R, +(cos’ )R, ~1] (cos’ ) (S18)

where  is the twisting angle of thymine group.

©)]
R, = f}— = % (S19)

(2
a
R, = ﬁbbc _ ?2) (S20)
ﬂCCC aCC

According to eqgs.(S18) and (S19), the deduced susceptibility ratio 7 imine / X ymine at

w = 0°can be plotted as a function of the tilt angle (shown in Figure S3).

S9



—— Ref 7

5 —— Guassian Results
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Figure S6 Simulated tile angle dependence of susceptibility ratio ya / 7 C4=0 & C5=C6 in

phase stretching of thymine group.

The Raman tensors of thymidine groups at 1660 cm™ has been reported in previous

(2) (2)

literatures(C1 coordinates, a"(‘g) = 4.31, %: 0.25).” The molecular coordinate is determined
a o

cc cc

by taking the plane of thymine aromatic ring as bc plane and taking the x _, vector as c-axis.

The IR dipole moment at wavenumber of C,=0O & Cs=Cg in phase mode either can be the same
as the vector of C4=0 bond or can be calculated using the vibration displacements of each atom (
ox oy ) listed in the Guassian output file (*.out or *.gjy). **

Q' 9Q ' 6Q

Aty . - R
ﬁ:ZMn[%(ﬂ’u” X+ﬂ% +g%zj (821)

Q “raax Qo xa
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Oy , Oty and Oty are the dipole derivatives of

Where M is the relative mass of each atom,
oX oy 0z

each atom listed at the end of Guassian output file.

Table S1. Derivatives of Raman tensors and IR transition dipoles of C4=0 & Cs=Cs in phase

stretching mode at 1660 cm™.

oag Ol Transformation Matrix
Vibrational mode . —_—=
oQ oQ
1 0 0 0 0 1
4.31 0 0 10
0.25
Data from Ref. 7 0 —= 0 100
ata from Re 431
0 0 1
0.329 0.137 -0.283 0 0.067 0.014 0.998
Calculated Results* 0.137 0.127 -0.142 0 -0.220 -0.975 0.029
-0.283 -0.142 0.834 1 0.973 -0.222 -0.062

*The derivatives of IR dipole of Thymidine groups was calculated by Guassian 09 using Hartree-
fork method with 3-21G+** basis.™
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