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1. Bond additivity approach to para-substituted phenyl ring 

We used the bond additivity approach to evaluate the hyperpolarizability 

components for ν2 and ν7b modesS1. The molecule-fixed coordinate is defined as an (a, b, 

c) system. The “c” axis is parallel to the C-O main axis; the “a” axis is perpendicular to 

the “c” axis and is in the phenyl plane; the “b” axis is orthogonal to the phenyl plane (Fig. 

S1). Using the single C-H bond “r1” as an example, “//”is defined as the direction along 

the single bond; “⊥in” is the direction perpendicular to the single bond r1 and is in the 

phenyl plane; “⊥out” is perpendicular to the phenyl plane (Fig. S1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Whiffen deduced the Raman tensor components of an aromatic C-H stretching 

along the single bond direction, perpendicular to the single bond and in the ac plane, and 

perpendicular to both the single bond and the phenyl plane are 2.6 Å2, 1.2 Å2, and 0.1 Å2, 

FIG. S1 A schematic picture of ν2 mode (left) and ν7b mode (right). The middle plot is 
the coordinate system, (a, b, c). (P//, P⊥in, P⊥out) is the induced dipole transition moment 
because of the polarizability of a single C-H bond r1. (Pa, Pb, Pc) is the corresponding 
dipole transition moment projected onto the (a, b, c) coordinate system. (Ea, Eb, Ec) is 
the external field. a, b, c axis are in the same directions as Ea, Eb, Ec, respectively.  
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respectivelyS2. Therefore 6.2// =′α Å2, 2.1=′⊥inα Å2, and 1.0=′⊥outα  Å2.  

Supposing there is an external field E
r

(Ea, Eb, Ec) acting on all four C-H bonds in the 

phenol group, a polarization P
r

(P∥, P⊥in, P⊥out) is induced because of the single bond 

polarizability. We have 

For C-H bond r1, 
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Projecting (P∥, P⊥in, P⊥out) to (Pa, Pb, Pc), we have 
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For C-H bond r2, 

 

//
2

// 6
sin

6
cos αππ

⋅⎟
⎠
⎞

⎜
⎝
⎛ +−= ca EEP  

 



3 
 

incain EEP ⊥⊥ ⋅⎟
⎠
⎞

⎜
⎝
⎛ −−= αππ

6
cos

6
sin2  

 

outbout EP ⊥⊥ ⋅−= α2  

 

Projecting (P∥, P⊥in, P⊥out) to (Pa, Pb, Pc), we have 
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For C-H bond r3, 
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Projecting (P∥, P⊥in, P⊥out) to (Pa, Pb, Pc), we have 
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outboutb EPP ⊥⊥ ⋅−== α33  
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For C-H bond r4, 
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Projecting (P∥, P⊥in, P⊥out) to (Pa, Pb, Pc), we have 
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Therefore, 
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0=bP  

 

⎟
⎠
⎞

⎜
⎝
⎛ +=+++= ⊥ 6

cos
6

sin4 22
//

4321 παπα incccccc EPPPPP  

 

Based on the relation ( )cbaBAEP BB ABA ,,, ==∑ α , we have 
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So for the ν2 mode, only aaα  and ccα are nonzero. Assuming that the dipole transition 

moments of C-H bonds in the ortho and meta positions are different (μortho corresponds to 

r1 and r2, and μmeta corresponds to r3 and r4), for ν2 mode, only 

( )
6

sin22,
πμμμ ν metaorthoc −=  is nonzero. Therefore, only two hyperpolarizability tensor 

components 2,νβaac  and 2,νβccc  are nonzero and their ratio can be obtained: 
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Similar treatment can be performed for the ν7b mode. For C-H bonds r2 and r4, the 

projection is the same as that of the ν2 mode. For C-H bonds r1 and r3, the diagonal 

single bond polariability tensors of (α∥, α⊥in, α⊥out) should be replaced by (-α∥, -α⊥in, -α⊥out) 
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in the projection. Therefore for the ν7b mode 
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So we have ( )//6
cos

6
sin4 ααππαα −== ⊥incaac . For the ν7b mode, 

only ( )
6

cos27,
πμμμ ν metaorthoba −−= is nonzero. So we have only two nonzero 

hyperpolarizability components, bcaabaca 7,7, νν ββ = .  

Now we can determine the relationship between the ν2 and ν7b modes: 
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This value is similar to that reported by Duffy et. alS3. 

 

2.  Fresnel coefficients 

Considering the experimental geometry of the air/silica window/sample film/air 

(face-down geometry) systemS4, as shown in Fig. S2, Fresnel coefficients can be deduced. 
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Here we ignore the frequency dependence of refractive indices for the sum frequency, 

visible, and infrared beams for simplification. For the incidence beams (visible and 

infrared) at the interface between the media 1 and 2: 
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For the output beam (SF) at the interface between the media 2 and 1: 
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At the interface between the media 2 and 3, the sum frequency beam is generated. The 

Fresnel coefficients for this interface in the reflection geometry for both input and output 

beams can be calculated as: 

Sample film 

2: Silica 

1: air 

3: air 
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θ3 
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Z 

S2. Face-down geometry for the SFG experiment. 
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So we can derive the overall Fresnel coefficients for both the input and output beams by 

projection of the transmission of input beams at the interface between media 1 and 2 and 

output beam at same interface. 

Input: 
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So, we can obtain all the overall Fresnel coefficients. 
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3. Evaluation of the surface free energy 

We used the geometric mean method to evaluate the surface free energies of 

DCPD, BPP, and their blendS5. This method divides the surface free energy into two parts, 

dispersive and polar, as shown in the following equation. Nonpolar diiodomethane and 
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polar water were used in our measurement. 
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The surface free energies of the dispersive and polar contributions deduced using 

Fowkes’ valuesS5. 

γH2O, (mN⋅m-1) γCH2I2, (mN⋅m-1) 
γd γp γd γp 
21.80 51.00 49.5 1.3 
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