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Supplemental Data 
 

Table S1. Structural parameters (dihedral angles in degree) of the crystal structures and 
active site model for PYP  

PDB/ 
model 

Res.a C3–C4 
–C7–C8 

C4–C7 
–C8–C9 

C7–C8 
–C9–O2 

C1–C2 
–C3–H3 

C3–C4 
–C7–H7 

H7–C7 
–C8–H8 

Ref. 

2PHY 1.4 –2.4 173.6 –22.7 – – – (1) 
1D7E 1.39 5.9 165.8 –12.6 – – – (2) 
1NWZ 0.82 –2.4 165.1 –11.5 – – – (3) 
1OT9 1.0 –7.5 167.6 –11.6 – – – (4) 
1OTB 1.1 –8.3 169.2 –8.3 – – – (4) 
2D01 1.34 –4.6 172.3 –18.4 – – – (5) 

2QWS 2.5 –6.5 171.8 –3.9 – – – (6) 
2QJ7 1.05 –0.4 176.9 –2.6 – – – (7) 
2ZOI 1.5 –4.7 168.2 –10.0 –169.4 –179.8 –172.5 (8) 

model 1  –10.0 170.0 –10.0 –170.0 –179.8 –170.0  
aResolution in Å. 
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Resonance Raman spectra of the pB state for PYP. We measured the resonance 
Raman spectra of the pB state for PYP with 325 nm excitation, and the result is shown in 
Fig. S1. The observed spectra were simulated by the DFT calculations using protonated 
cis-form of p-coumaric acid methyl thiol ester as a model (models A and B, Fig. S2). The 
results confirmed our previous assignment of the Raman bands for pB. 
 

 

Fig. S1. Observed and calculated Raman spectra of the pB state of PYP. The spectra for 
the unlabeled (black) and 13C8-labeled (red) samples as well as the 13C–12C difference 
spectra (blue) are displayed. The calculated spectrum is an average of two spectra based 
on models 2A and 2B. Gaussian band shapes with a 10 cm–1 width were used. 
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Fig. S2. Optimized geometries of two models for the pB state of PYP. Black, blue, red, 
and yellow represent carbon, nitrogen, oxygen, and sulfur atoms, respectively. 
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Fig. S3. Optimized geometry (model 1) for the pG state of PYP. Black, blue, red, and 
yellow represent carbon, nitrogen, oxygen, and sulfur atoms, respectively. All quantum 
chemical calculations were performed using Gaussian09 (9). 
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Fig. S4. Calculated Raman and ROA spectra of the active site model of PYP (model 1). 
The spectra drawn in black were computed by a B3LYP/6-31+G** level of theory. For 
the spectra drawn in red, Raman and ROA intensities were calculated by B3LYP/6-
311++G**, while B3LYP/6-31+G** was used for the geometry optimization and force 
field calculation. 
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Fig. S5. ROA intensities for γ8 as a function of the dihedral twists about the C7=C8 bond 
τ(C4–C7–C8–C9) for the chromophore model of PYP. 
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Fig. S6. Raman and ROA intensities and circular intensity difference (CID) as a function 
of the dihedral twists about the C7=C8 bond for the chromophore model of PYP. Raman 
intensities are fitted with a parabolic curve. The fitted curve is shown as the dashed line 
in panel A. 
 
  



 
 

9 
 

 
Fig. S7. Changes in energy associated with the dihedral twists of τ(C3–C4–C7–C8), 
τ(C4–C7–C8–C9), and τ(C7–C8–C9–O2) for the chromophore model of PYP. Energies 
were calculated by B3LYP/6-31+G**. For τ(C4–C7–C8–C9), the horizontal axis stands 
for differences in the dihedral angle from a planar geometry. 
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Supplemental Experimental Section 
 
Preparation of 13C8-Labeled p-Coumaric acid 
13C8-labeled p-coumaric acid (pCA) was prepared according to the method described 
previously (10) with its minor modification (Schemes 1). 
 

 
 
The 13C-labeled reagent, triethylphosphonoacetate (1-13C, 99%) (Cambridge Isotope 
Laboratory) was used and was commercially available. Under an argon atmosphere, 4-
hydroxybenzaldehyde was treated with phosphonate anion, which was generated from 
triethylphosphonoacetate at room temperature. After 4 h stirring, ethyl 4-
hydroxycinnamate was obtained and then hydrolyzed in 1mol/L potassium hydroxide 
solution. After usual workup and purification, colorless 13C8-labeled p-coumaric acid (4-
hydroxycinnamic acid) was obtained. The purity was checked with GCMS and 1H NMR 
spectroscopy. 
 
  

(C2H5O)2P(O)13CH2COOC2H5

(1)
(2)

HO
13C COOC2H5

(3)
(4)

HO
13C COOH

(1) Toluene, sodium hydride in mineral oil 60 % at RT under Ar, 30 min
(2) 4-Hydroxybenzaldehyde in ether at 60°C under Ar, 4 hr, NH4Claq
(3) KOHaq (1 mol/L), 35°C for 12 hr, redissolution
(4) HClaq (6 mol/L), precipitate

Scheme 1. Preparation of p-Coumaric[8-13C1] Acid



 
 

11 
 

Theoretical Considerations of Raman and ROA Intensities 
 
1. Raman Intensity 

In this study, we have performed systematic DFT calculations and showed that the 
ROA intensities are roughly proportional to the dihedral twists of the chromophore. On 
the contrary, the Raman intensities exhibit a non-linear dependence on the dihedral twist 
(Fig. 3, Fig. S6). In order to explain these differences, we have made theoretical 
considerations of Raman and ROA intensities. Using far-from-resonance (FFR) 
approximation, the Raman transition polarizability from vibrational levels 0 to 1 of the 
ground electronic state for a polyene chain, which adopts a planar geometry, is given 
by:(11) 
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where ωeg represents the frequency (energy) difference between the initial state g and the 
intermediate state e. αµ̂ is a electric dipole operator. 
 
 ααµ reˆˆ =   
 
The summation is over all excited states of the molecule. φ0 and φ1 are the nuclear 
wavefunctions responsible for describing the vibrational states 0 and 1 in the electronic 
state g of the molecule, respectively. Greek subscripts represent the Cartesian 
components, i.e., x, y, and z. The elements of the Raman polarizability tensor depend on 
the orientation of the molecule with respect to an xyz-reference frame. However, we can 
take combinations of tensor elements that are invariant to changes in the orientation of 
the molecule in the reference frame. These combinations are called invariants. In this 
section we will consider how Raman and ROA invariants for a hydrogen out-of-plane 
(HOOP) mode are perturbed, when the polyene chain experiences the out-of-plane 
distortion. First, we assume that an internal coordinate associated with the distortion is 
represented by Qθ·θ, when the polyene chain is twisted along the coordinate Qθ, by a 
dihedral angle of θ. Here, the distortion coordinate Qθ is generally expressed by the linear 
combination of the vibrational normal mode Qn as 

 

 Qθ = an
n=1

3N−6

∑ Qn . (1) 

 
Then, we write the nuclear coordinate dependence of the electronic wavefunctions as a 
quantum mechanical perturbation expression, which is analogous to the Herzberg–Teller 
expansion as follows: 

 θ⋅
∂

∂
+= ∑

−

=

63

1

0
N

n
n

n
n Q
Q
g

agg  (2a) 



 
 

12 
 

 θ⋅
∂

∂
+= ∑

−

=

63

1

0
N

n
n

n
n Q
Q
e

aee  (2b) 

 
By contrast, the nuclear wavefunctions depend only on second order in θ, and there is no 
first order term. The potential energy difference ∆V can be expressed using force constant 
k as  
 

 ΔV =
1
2
k Qθ ⋅θ( )2  (3) 

 
Because the nuclear wavefunction is written by the following perturbation expression 
 

 φ0
θ = φ0

0 +
φs
0 ΔV φ0

0

E0 −Ess≠0
∑ φs

0 +.... , (4) 

 
there is only second order term in θ. On the basis of these considerations, we can write 
the Raman transition polarizability to first order in θ by 
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Equation (5) indicates that the distortion-induced change in the Raman polarizability of a 
given normal mode Qn is proportional to how much the normal mode is included in the 
distortional coordinate (i.e., na ) and the Raman polarizability before the structural 
perturbation (i.e., ( )

0=
∂∂

nQn
Qαβα ). Using Equation (5), the Raman scattering invariant 

α2 is given as follow: 
 

 α 2 =
1
9

ααααββ
α,β
∑ =

1
9

ααα
0 +Δααα ⋅θ( ) ⋅ αββ

0 +Δαββ ⋅θ( )
α,β
∑  (7) 

 
For a representative HOOP mode with Au symmetry in Fig. S8 (cf. Table S2), ( ) 0,10

ααα  is 
zero at θ = 0 because the symmetry of the Raman polarizability tensor is Ag or Bg, while 
that of the vibrational mode is Au. In this case, we can write the invariant as follows: 
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 α 2 =
1
9

Δααα ⋅ Δαββ ⋅θ
2

α,β
∑  (8) 

 
Analogously, the Raman scattering invariant β(α)2 is given by Equation (9). 
 

 β(α)2 = 1
2

3ααβααβ −ααααββ( )
α,β
∑ =

1
2

3⋅ Δααβ ⋅ Δααβ −Δααα ⋅ Δαββ( ) ⋅θ 2
α,β
∑  (9) 

 
Equations (8) and (9) indicate that the dihedral twist θ makes only a second-order 
contribution to the Raman invariant α2 and β(α)2. We note that the symmetry-based 
argument is less applicable as the symmetry of the vibrational mode is worse. However, 
for the HOOP modes, which typically show the small intensities when the molecule is 
planar, the same argument with Au-type HOOP mode still holds.  

Generally, if we start from the achiral conformation (e.g. planar polyene) and distort it 
by changing the dihedral angle with +θ and ‒θ, we obtain two enantiomers that have the 
same Raman intensities; the Raman intensity is even function of θ. Therefore, the 
quadratic term is expected to be a major contributor to the θ dependence. 
 
Table S2. Character table of C2h for the ethylenic group 
C2h E C2 i σh   
Ag 1 1 1 1 Rz x2, y2, z2, xy 
Bg 1 -1 1 -1 Rx, Ry xz, yz 
Au 1 1 -1 -1 z  
Bu 1 -1 -1 1 x, y  
 

 
Fig. S8. Illustration of Au-type HOOP (hydrogen-out-of-plane) mode. 
 
 
2. ROA Intensity 

There are many forms of ROA. In this study, we used incident circular polarization 
(ICP) ROA, in which the laser radiation is switched between right and left circularly 
polarized states, unpolarized Raman scattered radiation is detected. The theoretical 
expression for back-scattering geometry is given by: (11) 

 

  ICPU(180°): IU
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where K is a constant, c is the speed of light, and β(G´)2 and β(A)2 are ROA invariants 
that will be defined later. Note that if these expressions are compared with those for 
unpolarized backscattering scattered circular polarization (SCP) ROA, one can see that, 
in the FFR approximation, these two experiments give exactly the same results. To 
evaluate these invariants, we first consider magnetic dipole optical activity tensor Gαβ for 
a planar geometry. 
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where αm̂ is a magnetic dipole operator. 
 

 m̂α =
e
2m

r̂ × p̂( )
α

 (12) 

 
According to Equation (11), we derive 
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Next we consider electric quadrupole optical activity tensor Aα,βγ for a planar geometry. 
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where Θ̂βγ

0 is an electric quadrupole operator. 
 

 Θ̂0
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e
2
3rβrγ − r

2δβγ( )  (16) 

 
According to Equation (15), electric quadrupole optical activity tensor for a distorted 
polyene chain is given by: 
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As described above, two ROA invariants, β(G´)2 and β(A)2, contribute to the 

backscattering ROA under FFR approximation. In the other forms of ROA such as right-
angle scattering, an invariant αG also contributes to the ROA intensity. This invariant can 
be expressed using Equations (5) and (14) as follows: 
 

 αG =
1
9

αααGββ
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For Au type HOOP mode, for instance, ( ) 0,10

ααα  is zero because the symmetry of the 
Raman polarizability tensor is not Au but Ag or Bg. By contrast, since the elements of 
g µ̂α e e m̂α g  exhibit Au symmetry, ( ) 0,10

ααG  is non-zero (cf. Table S3). We therefore 
obtain the following expression. 
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1
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In a similar way, the invariant β(G)2 can be given by: 
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Next we consider ROA invariant β(A)2, which is related to electric quadrupole optical 

activity tensor, as follows: 
 

 

β A( )2 = 1
2
ω0 ααβεαγδAγ ,δβ

α,β ,γ ,δ
∑

=
1
2
ω0 α 0

αβ +Δααβ ⋅θ( )εαγδ A0γ ,δβ +ΔAγ ,δβ ⋅θ( )
α,β ,γ ,δ
∑

 (22) 

 
In this equation, εαγδ is the alternating tensor that equals +1 for even permutations of x, y, 
and z and –1 for their odd permutation. For Au type HOOP mode, ( )

0,1
0
αβα  is zero as 

mentioned above, whereas g µ̂γ e e Θ̂δβ g  shows Au symmetry (cf. Table S4), so that 

( ) 0,1,
0

δβγA is non-zero. Thus β(A)2 depends on the dihedral twist θ as described bellow: 
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 β A( )2 = 1
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As given in Equations (20), (21) and (23), the distortion-induced changes in the ROA 
invariants are proportional to the change in Raman polarizability under distorted 
conformation, Δααβ  (in Equation (5)). Besides, the ROA invariants show a first-order 
dependence on the dihedral twist θ. This is distinctly different from the Raman invariants, 
which exhibit only a second-order dependence on θ. The difference between the Raman 
and ROA intensities is consistent with the results of the DFT calculations shown in Fig. 
S6. We note that the argument using Au-type HOOP mode is less applicable as the 
symmetry of the vibrational mode is worse. However, ( )

0,1
0
αβα  of HOOP modes is 

typically small when the molecule is planar and ( )
0,1

0
αβG  (and also ( ) 0,1,

0
δβγA ) are 

expected to be non-zero because the nuclear displacement along the HOOP mode makes 
the polyene chain chiral. The same argument with Au-type HOOP mode, therefore, can 
hold for other HOOP modes. 

If we consider a case that distorts an achiral conformation by changing the dihedral 
angle with +θ and ‒θ, we obtain two enantiomers whose ROA intensities have the 
opposite signs but the same magnitudes, i.e., the ROA intensity is odd function of θ. Thus, 
in the case of ROA, the linear term is expected to be a major contributor to the θ 
dependence. 
 
 
Table S3. Irreducible representation of Gij elements for Au HOOP mode, which is 
obtained from the direct product of i (= x, y, and z) and Rj (= Rx, Ry, and Rz, cf. Table 
S2) 

 
Gij element 

E C2 i σh irreducible representation 

Gxx 1 1 -1 -1 Au 
Gyy 1 1 -1 -1 Au 
Gzz 1 1 -1 -1 Au 
Gxy 1 1 -1 -1 Au 
Gxz 1 -1 -1 1 Bu 
Gyx 1 1 -1 -1 Au 
Gyz 1 -1 -1 1 Bu 
Gzx 1 -1 -1 1 Bu 
Gzy 1 -1 -1 1 Bu 
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Table S4. Irreducible representation of Gij elements for Au HOOP mode, which is 
obtained from the direct product of i (=x, y, and z) and ij (=xy, yx, and zx, cf. Table 
S2) 

 
Aijk element 

E C2 i σh irreducible representation 

Axyz 1 1 -1 -1 Au 
Ayzx 1 1 -1 -1 Au 
Azxy 1 1 -1 -1 Au 
Ayyz 1 1 -1 -1 Au 
Azyy 1 1 -1 -1 Au 
Azxx 1 1 -1 -1 Au 
Axxz 1 1 -1 -1 Au 
Ayzz 1 -1 -1 1 Bu 
Azzy 1 -1 -1 1 Bu 
Axxy 1 -1 -1 1 Bu 
Ayxx 1 -1 -1 1 Bu 
Azzx 1 -1 -1 1 Bu 
Axzz 1 -1 -1 1 Bu 
Axyy 1 -1 -1 1 Bu 
Ayyx 1 -1 -1 1 Bu 
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3. Estimation of the Distortion-Induced Raman and ROA Intensities 
Based on the above-mentioned theoretical considerations, we estimated the relative 

values of distortion-induced Raman invariants α2 and β(α)2 for HOOP modes, γ2, γ8, and 
γ10 from the DFT calculations (B3LYP/6-31+G**). According to the calculated values in 
Table S5, the HOOP modes dominantly gain the Raman intensities from the invariant 
β(α)2. After confirming the quadric dependence of their Raman intensities on τ(C4–C7–
C8–C9), the changes in the Raman invariant, ( )∑ Δ⋅Δ−Δ⋅Δ⋅=Δ

βα
ββαααβαβ ααααβ

,

2 3
2
1 , due to 

the structural distortion about τ(C4–C7–C8–C9) is estimated. The Δβ 
2 is derived from 

Equation (5) and (9) as the product of β(α)2 at τ(C4–C7–C8–C9) = 0 and the square of 
the HOOP mode contributions a(γ2, γ8, or γ10) in the structural distortion with τ(C4–C7–
C8–C9). When the invariant α2 is small in comparison to β(α)2, the relative amplitude of 
ΣΔαij that is proportional to the back-scattered ROA intensity is obtained as the square 
root of Δβ 

2. The γ8 mode has the largest ΣΔαij. 
 
 
 
Table S5. Raman invariants α2 and β(α)2 for HOOP modes γ2, γ8, and γ10 from the 
DFT calculation (B3LYP/6-31+G**) at the dihedral angle τ(C4–C7–C8–C9) = 0.a  

aa(γ2, γ8, or γ10) is the estimated HOOP mode contributions in the structural changes with 
τ(C4–C7–C8–C9). Δβ2 and ΣΔαij are the estimated changes in β(α)2 and Σαij due to the 
structural perturbation to a change in the dihedral angle τ(C4–C7–C8–C9). 
 

 γ2 γ8 γ10 
a(γ2, γ8, or γ10) 1 % 1 % 3 % 

α2 0.0004 0.0002 0.0026 
β(α)2 0.123 1.024 0.0188 
Δβ2 ~0.123 × 12 = 0.123 ~1.024 × 12=1.024 ~0.0188× 32=0.0564 
ΣΔαij ~0.3 ~1 ~0.2 
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