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ABSTRACT: In our previous investigation of the excited-state Raman spectra of
free flavin mononucleotide (FMN) and the light-oxygen-voltage (LOV) sensitive
protein EL222, we observed intensity variations and a red shift in the N1−C2
stretching modes within the S1 state Raman spectroscopy of EL222. This
phenomenon was attributed to potential S1/S2 state mixing. However, the existence
of T1/T2 mixing in EL222 remained undetermined. To address this, we employed an
avoided crossing model to simulate the influence of electronic state mixing on
Raman spectroscopy. Our results indicate that mixing induces redshift or blueshift in
the 0−1 Raman transition frequency and alters the equilibrium position,
consequently affecting the corresponding Raman intensity. The analysis further
suggests that S1/S2 state mixing in EL222 occurs within the weak coupling regime.
Additionally, experimental data revealed potential Raman signatures indicative of T1/T2 mixing in EL222.

Electronic state mixing modifies the electron density
distribution within molecules, leading to changes in

permanent dipole moments and alterations to the potential
energy surface, including molecular equilibrium geometry and
force constants.1−5 In specific cases, coupling between two
electronic states can transform a conical intersection (CI) into
an avoided crossing.
Recent advancements in ultrafast terahertz (THz) Stark

spectroscopy have enabled tracking of electric interactions in
solution.6,7 In 2024, Zhang et al. applied this technique to
bacteriorhodopsin and verified the occurrence of S1/S2 state
mixing.8 Evidence suggests that the substantial spectral tuning
rates observed in green fluorescent protein (GFP) and
photoactive yellow protein (PYP) chromophores also originate
from electronic state mixing with charge-transfer states.9−11

Beyond alterations in dipole moments and spectral tuning
rates, electronic state mixing influences chemical reaction
dynamics. Haacke et al. compiled evidence demonstrating the
impact of excited-state mixing on photoinduced C�C bond
isomerization.12 In the retinal protonated Schiff base (rPSB),
strong mixing between the 1Bu charge-transfer state (S1) and the
2Ag diradical state (S2) introduces a slight barrier in the
photoisomerization pathway and prolongs the S1 state life-
time.13,14 This 1Bu/2Ag mixing arises from steric distortions and
electrostatic interactions within the protein binding pocket.
Time domain Raman spectroscopy techniques, including

femtosecond stimulated Raman spectroscopy (FSRS)15−17 and

impulsive stimulated Raman spectroscopy (ISRS),15−20 serve as
powerful tools for monitoring structural changes in chromo-
phores following photoexcitation.
Theoretical frameworks for spontaneous Raman intensity

have been developed to elucidate molecular structures.21−23 A
methodology linking spontaneous resonance Raman band
intensity to structural variations between electronic states has
been established.23−27 For stimulated Raman spectroscopy, a
comparable relation between geometry differences and Raman
band intensity using third-order nonlinear optical responses
were derived.28−30 This relation enables the extraction of
relative Franck−Condon displacement amplitudes from funda-
mental Raman transition intensities. Recent advances now
permit determination of absolute Franck−Condon displace-
ments from resonance Raman signals via two-color broadband
impulsive Raman experimental schemes.31

Light-oxygen-voltage (LOV) domain proteins function as
environmental sensors across diverse biological kingdoms.32−35

Multiple time-resolved experiments, including FSRS stud-
ies,30,36−40 have been conducted on flavin41,42 and flavin-
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binding LOV domain proteins43−51 to elucidate mechanisms
underlying environmental response. Concurrently, numerous
quantum chemistry simulations have explored the ground- and
excited-state structures and dynamics of the flavin cofactor52−58

both within and outside LOV domain proteins.59−67

In our prior work,30 analysis of femtosecond stimulated
Raman spectroscopy (FSRS) intensity variations in N1−C2
stretching modes following EL222 binding led us to propose
potential electronic state mixing between the ππ*(S1) state and
nπ*(S2) state of FMN within this LOV domain protein.
Combining these findings with EL222 crystal structure data,68,69

we hypothesize that symmetry breaking in hydrogen bonding
interactions within the binding pocket facilitates nonzero
coupling between these electronic states. Nevertheless, whether
analogous state mixing occurs in the triplet state of FMN within
EL222 remains an open question.
This study aims to address three fundamental questions: (1)

How do changes in 0−1 Raman transition frequencies of local
modes translate to delocalized normal modes? Specifically, can
we deduce local mode 0−1 frequency shifts from normal mode
shifts? (2) How does the change in the equilibrium position in
the local mode propagate to normal modes and manifest in the
Raman intensity? (3) Does electronic state mixing occur in the
triplet state of EL222 similar to that observed in the singlet state?
Figure 1 illustrates an exemplary set of potential curves before

electronic state mixing (VA(x) and VB(x) shown as black and red

solid lines) and after mixing (VE d+
)(x) and VEd−

(x) depicted as
green and blue dashed lines). In this example, the parameters are
set to xe,A = 0, Ve,A = 0; and xe,B = 2, Ve,B = 1.2 with coupling
constant β = 1.2.
In Figure 1, it is evident that the potential curve VEd−

(x) is
broader than the outer branches of the original VA(x) and VB(x)
curves. This results in a red-shift of the 0−1 transition frequency
associated with the potential VEd−

(x). Conversely, VEd+
(x) is

located between the inner branches of the VA(x) and VB(x)
curves. The potential VE d+

(x) thus displays a distinct blueshift of
the 0−1 transition frequency. Besides the shift in the 0−1
transition frequency, electronic state mixing also alters the
minima of the involved potential curves.
In special cases when the coupling constant β equals zero or

the initial geometry differenceΔRe,A→B is zero, no change occurs
in the curvature of the potential curves VE d+

(x) and VEd−
(x), nor in

the nuclear positions or vibrational states.
In the following, we will illustrate the variation in the 0−1

fundamental Raman transition frequency and the expected
equilibrium position ⟨0|x|0⟩ of the new electronic states induced
by state mixing.

Variation of the 0−1 Raman Transition Frequency on Lower
Electronic State VEd−

(x) after Electronic State Mixing

Figure 2 plots the variation of the 0−1 transition frequency
induced by electronic state mixing as a function of coupling
constants β and adiabatic energy gaps ΔEe,A→B with various
initial geometry difference values ΔRe,A→B ranging from 0.2 to
5.0.
In the nine contour plots in Figure 2, a consistent valley is

observed, marking the region of maximum red-shift in the 0−1
transition frequency. The valley deepens and extends toward
larger coupling constants as the initial geometry difference,
ΔRe,A→B increases. For an initial geometry difference ΔRe,A→B of
0.2, the minimum of the valley corresponds to a 0−1 transition
frequency of approximately 0.97. This minimum value decreases
progressively to 0.92, 0.88, 0.80, 0.73, 0.5, 0.3, 0.2, and 0.1 as
ΔRe,A→B increases from 0.4 to 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, and 5.0,
respectively.
When the adiabatic energy gap ΔRe,A→B is small, the 0−1

transition frequency initially decreases with an increasing
coupling constant β, reaches the valley minimum, and then
gradually increases. This indicates that for adiabatic energy gaps
less than 2.0, a single redshift may correspond to two distinct
coupling constant values. In contrast, when the adiabatic energy
gap ΔRe,A→B is large (e.g., greater than 3.0), the 0−1 transition
frequency decreases monotonically as the coupling constant
increases.
Variation of the 0−1 Raman Transition Frequency onUpper
Electronic State VEd+

(x) after Electronic State Mixing

In the avoided crossing region, the 0−1 transition frequency on
potential VE d+

(x) exhibits a blue shift relative to the original
potentials A and B (each with a 0−1 transition frequency of 1.0)
prior to mixing. This blue shift arises from the compressed
potential between the inner branches of the original potential
curves A and B, as depicted in Figure 1. A larger initial geometry
difference ΔRe,A→B corresponds to a more pronounced
compression of the potential between the inner branches of
potentials A and B. Across all nine plots in Figure 3, the
maximum blue shift occurs at small energy gaps and weak
coupling constants β.
As the initial geometry differenceΔRe,A→B increases, the blue-

shifted region broadens and its peak value increases. For
example, when ΔRe,A→B equals 0.2, the maximum blue shift is
approximately 1.06; as it increases to 0.4, 0.8, 2.0, and 5.0, the 0−
1 transition frequency maxima reach 1.12, 1.22, 1.55, and 2.30,
respectively.
When the initial geometry difference ΔRe,A→B is small (for

instanceΔRe,A→B < 1.0), there is a peak showing up in the of left-
bottom corner of the plots, where both the energy gap ΔRe,A→B
and coupling constant β is small. For large initial geometry
differences ΔRe,A→B, the 0−1 transition frequency shows
reduced sensitivity to the adiabatic energy gap ΔRe,A→B,
becoming predominantly sensitive to the coupling constant β,
with the blue shift decreasing as β increases.
Variation of Equilibrium Position ⟨0|x|0⟩ on Lower
Electronic State VEd−

(x) after Electronic State Mixing

In general, when β ≠ 0 and ΔRe,A→B ≠ 0, the state mixing
between A and B modifies the potential curve. In Figure 4, we
plot the electronic state mixing introduced variation of the
equilibrium position ⟨0|x|0⟩ on the upper electronic state
VEd−

(x).

Figure 1. One set of example potential curves before and after
electronic state mixing
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When the initial geometry difference between states A and B is
small (ΔRe,A→B < 2.0), the expected position variation is
approximately proportional to ΔRe,A→B. As ΔRe,A→B increases,
the variation in the mixed position slows, reaches a maximum,
and subsequently decreases.
For cases with the same energy gap between states A and B,

stronger coupling constants yield greater modification of the
molecular geometry and larger expected values of ⟨0|x|0⟩ on
VE d−

(x). In the small energy gap regime, the maximum variation
grows with the coupling constant until approaching the
midpoint of the equilibrium positions of states A and B,
R R

2
e A e B, ,+ .

Variation of the Equilibrium Position ⟨0|x|0⟩ on the Upper
Electronic State VE+(x) after Electronic State Mixing

Figure 5 presents the variation of the equilibrium position ⟨0|x|
0⟩ in the upper electronic state induced by state mixing.
Generally, when the initial geometry difference is small (ΔRe,A→B
< 1.0), the VEd+

(x) equilibrium geometry ⟨0|x|0⟩ resembles that
of potential curve B prior to state mixing within the weak
coupling regime. The initial geometry difference determines
ΔRe,A→B as the amplitude of the largest averaged position ⟨0|x|0⟩
following electronic state mixing. Larger initial geometry
differences ΔRe,A→B contribute to larger final displacements

when the coupling constant β is significantly larger than the

energy gap
Ee A B,

, i.e., within the strong coupling

regime when
Ee A B,

, the new equilibrium position shifts

to X X

2
e A e B, ,+ .

All plots in Figure 5 show a weak coupling strength region,
depicted as an upper-left red triangular area, where

Ee A B
Re A B

,
,

2

2
+

< 0.4. When the initial geometry difference

ΔRe,A→B is small, rendering E
R

e A B2 ,
e A B,

2

, the weak
coupling region is clearly manifested as an upper-left red triangle
in plots A through C in Figure 5. The green regions in plots A−G
correspond to medium coupling strength, while the blue regions
indicate strong coupling strength. As the initial geometry
differenceΔRe,A→B increases, the red triangular regions shift and
elongate toward regions of larger coupling constants β.
Distinct from the expectation position ⟨0|x|0⟩ on curve

VEd−
(x), the expectation position ⟨0|x|0⟩ on curve VEd+

(x) is more
sensitive to variations in the adiabatic energy gapΔEe,A→B rather
than the coupling constant β.

Figure 2. Electronical state mixing introduced variation of the 0−1 transition frequencies of the VE−(x) state as a function of the initial geometry
difference ΔRe: (A) 0.2, (B) 0.4, (C) 0.6, (D) 0.8, (E) 1.0, (F) 2.0, (G) 3.0, (H), 4.0, and (I) 5.0.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.5c04115
J. Phys. Chem. Lett. XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acs.jpclett.5c04115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c04115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c04115?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c04115?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c04115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Transfer of the 0−1 Transition Frequency Shift from Local
Modes to Normal Modes

In the preceding analysis, we investigated the effects of
electronic state mixing on isolated local vibrators while
neglecting their coupling with other vibrational modes. To
address more general scenarios, it is essential to elucidate how
frequency shifts originating from local modes are transferred to
normal modes. To establish this relationship, we first consider a
system comprising two coupled oscillators with unperturbed
energies of 0 and E, coupled through a coupling constant β.

H
E

0i
k
jjjjj

y
{
zzzzz=

(1)

Following diagonalization, the system eigenvalues are trans-
formed accordingly.

E E E
1
2

( 4 )2 2= ± +± (2)

The corresponding eigenvectors

L

L
N E E( ) 4

2

( )1 2 2 2 1 2
1

2

i

k
jjjjjj

y

{
zzzzzz

i

k

jjjjjjjjjjjj

y

{

zzzzzzzzzzzz
= = * ± +±

±

±

a r e ob t a i n ed w i t h a no rma l i z i n g f a c t o r N =
E E( 4 ) 41

2
2 2 2 2 1/2[ ± + + ] . Here, the eigenvector matrix

elements represent the normalized amplitudes of each
component.

L
E

E
( )

1
2

1
4

2
2 21

i

k
jjjjjj

y

{
zzzzzz=

+
±

(3a)

L
E

E
( )

1
2

1
4

2
2 22

i

k
jjjjjj

y

{
zzzzzz= ±

+
±

(3b)

The derivative of the eigenenergy with respect to E can
subsequently be evaluated.

dE
dE

E

E
L

1
2

1
4

( )
2 2

2
2

i

k
jjjjjj

y

{
zzzzzz= ±

+
=±

±
(4)

For the generalized case involving N coupled oscillators, the
system is described by an N × N dimensional Hamiltonian
matrix Ĥ with coupling constants Hij = Hji = βij representing the
coupling strength between different local modes i and j.
Upon diagonalizing the Hamiltonian matrix, the eigenenergy

values of the normal modes and their corresponding
eigenvectors are obtained.

Figure 3. Electronical state mixing introduced variation of the 0−1 transition frequencies of the VE+(x) state as a function of the initial geometry
difference ΔRe: (A) 0.2, (B) 0.4, (C) 0.6, (D) 0.8, (E) 1.0, (F) 2.0, (G) 3.0, (H), 4.0, and (I) 5.0.
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HL EL= (5)

Here, E denotes the diagonal eigenenergy matrix of the
Hamiltonian matrix Ĥ, with the normalized eigenvectors
comprising the columns of the transformation matrix L. Here
L is an orthogonal matrix, with ∑i=1

n (Lij)2 = 1, ∑i=1,j≠k
n LijLik = 0,

and ∑i=1,j≠k
n LjiLki = 0.

Reformulating this relationship yields the following expres-
sion:

L HL E1 = (6)

Consequently, the eigenenergy of the ith normal mode can be
expressed as follows:

E E L H Li ii
j

n

k

n

ij jk ki
1 1

1= =
= = (7)

Since the Hamiltonian matrix is symmetric, the trans-
formation matrix satisfies L−1 = LT, i.e., L−1

ij = Lji.

E L H Li
j

n

k

n

ji jk ki
1 1

=
= = (8)

Separating this equation into two distinct components
provides further insight.

E L H L L H Li
j

n

k j

n

ji jk ki
j

n

k k j

n

ji ki jk
1 1 1,

= +
= = = = (9)

E L H L L( )i
j

n

ji jj
j

n

k k j

n

ji ki jk
1

2

1 1,

= +
= = = (10)

Assuming that variations in the coupling constants βjk and the
eigenvector elements Lki remain negligible, variation of the
normal mode eigenenergy En,i as a function of changes in the
local mode frequency Hjj can be approximated as follows:

E

H
L( )n i

jj
jn

, 2=
(11)

Figure 4. Electronical state mixing introduced variation of the expected position ⟨0|x|0⟩ on VE−(x) as a function of the initial geometry differenceΔRe:
(A) 0.2, (B) 0.4, (C) 0.6, (D) 0.8, (E) 1.0, (F) 2.0, (G) 3.0, (H) 4.0, and (I) 5.0.
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This relationship demonstrates that the frequency shift of the
normal mode is directly proportional to the squared magnitude
of the eigenvector element (Ljn)2. Consequently, information
regarding the element Ljn can be extracted from the observed
frequency shift of the normal mode.
Frequency Shifts in the Excited-State Raman of Free FMN
and the LOV Domain Protein EL222

In our previous work,30 we compared the calculated geometry
differences between the S1 and S2 states of MIA as a model for
FMN with the corresponding Raman intensity changes.52 We
proposed that there is possible electronic state mixing between
the S1 and S2 states in EL222. In this study, we further compare
the geometry differences between the T1 and T2 states, as
summarized in Table 1.
The differences in electronic structure and initial geometry

ΔRe,A→B across spin states originate from variations in electron−
electron coupling between the singlet and triplet states. Pauli
repulsion among electrons leads to distinct electron−electron
coupling behaviors in states with different spinmultiplicities. For
MIA, the electronic structures of the S1 and T1 states are
remarkably similar, both exhibiting a dominant π → π*
transition character.52,70 This similarity results in comparable
chemical bond lengths, as indicated in Table 1. In contrast, the
T2 state exhibits a significantly different electronic structure
compared to the S2 state, with a smaller contribution from n →

π* character (−0.14 in T2 vs 0.44 in S2). This electronic
discrepancy accounts for the substantial differences in bond
lengths presented in Table 1, suggesting distinct bond variation
patterns between the S1−S2 and T1−T2 pairs.
The most pronounced variation in the bond length between

S1 and S2 occurs for the N1−C2 bond (−9 pm) and the C2�O2
bond (+9 pm). In FSRS experiments, a total red-shift of
approximately 20 cm−1 is observed for the Raman-active N1−C2
stretching modes in the S1 state, with frequencies recorded at
1416 (−4) cm−1, 1383 (−9) cm−1, and 1200 (−7) cm−1. This
shift corresponds to about 1.5% of the averaged 0−1 Raman
transition energy of these three C1−N2 stretching modes.
This result implies that electronic state mixing induces a red-

shift of roughly 20 cm−1 for the C2�O2 stretching mode.
However, experimental data show a blueshift of 6 cm−1,
indicating fewer and weaker hydrogen bonds within the
EL222 binding pocket.
In contrast to the bond length variations in singlet states, the

largest change between the T1 and T2 states occurs in the C4a−
N5 bond (−5 pm). The total redshift of the corresponding
Raman-active C4a−N5 stretching modes in the T1 state of free
FMN is about 5 cm−1, representing approximately 0.35% of the
averaged 0−1 transition energy of these modes, which occur at
1515 (−10) cm−1, 1391 (+1) cm−1, and 1269 (+4) cm−1 in the
T1 state of free (EL222-bound) FMN. The largest shift observed

Figure 5. Electronical state mixing introduced variation of the expected position ⟨0|x|0⟩ on VE+(x) as a function of the initial geometry differenceΔRe:
(A) 0.2, (B) 0.4, (C) 0.6, (D) 0.8, (E) 1.0, (F) 2.0, (G) 3.0, (H) 4.0, and (I) 5.0.
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in the 1505 cm−1 mode indicates the dominant contribution of
the C4a−N5 bond among these three modes, consistent with the
assignment reported by Iuliano and co-workers.37,71

Considering the force constants of C�O (1200−1300 N/m)
andC�N(900−1000N/m) double bonds, the initial geometry
differences of +9 pm and − 9 pm correspond to dimensionless
coordinate variation of approximately 0.5−0.6. A bond length
difference of 5 pm for the C4a−N5 bond suggests a change of
about 0.2−0.3 in dimensionless coordinate.
The observed redshift of N1−C2 mode by 1.5% suggests that

the energy gap and coupling constant combination lies within
the weak-coupling regime (characterized by small coupling and
large energy gap) in the upper-left triangular region of Figure

3C. In this region 0.4
Ee

< , the redshift increases with the

coupling constant β and decreases with the energy gapΔEe,S1→S2.
The behavior of the 0−1 transition frequency, as illustrated in

Figure 3A−C, indicates that a smaller initial geometry difference
in the C4a−N5 bond in the triplet state results in a smaller Raman
peak redshift compared to the C1−N2 stretching modes in the
singlet state. This consistent with the observation in Figure 4 of
our previous work.30

In addition to the smaller bond length difference, two other
factors contribute to the reduced frequency shift of the C4a−N5
mode relative to that of the N1−C2 modes in the singlet states
(Table 2).
(1) A larger adiabatic energy gap between the T1 and T2 states

(0.52 eV) compared to that between the S1 and S2 states
(0.23 eV) prior to state mixing.

(2) A possibly weaker coupling constant between the T1 and
T2 states than between S1 and S2, due to symmetry
breaking in hydrogen bond interactions with the O4 atom
of the flavin ring. This is consistent with the reduced n→
π* contribution in T2 (−0.14) compared to S2 (0.44).52

Intensity Variation of the Raman Bands in Free FMN and
LOV Domain Protein EL222
For the excited-state Raman spectra of free FMN and EL222, we
neglect structural variations in the Raman excited states, yielding
the expression ΔΔk = −LkjΔRjg.
WhenΔk and−LkjΔRjg share the same sign (i.e.,Δk (−LkjΔRjg)

> 0), the Raman intensity of the kth mode increases after state
mixing. Conversely, if Δk (−LkjΔRjg) < 0, a decrease in the
corresponding Raman intensity is expected.

Table 1. Selected52,64,70 Chemical Bond Lengths (pm) of Different Electronic States of 10-Methylisoalloxazine (MIA) and
Lumiflavin (LF)a

Chemical Bond Length (pm) of Different Electronic States52,70

LF in S0 MIA in S0 MIA S1 LF in S1
60 MIA S2 Variation MIA S2−S1 MIA T1 MIA T2 Variation MIA T2−T1

N1�C2 138.0 138.1 140 141 131 −9 138 138 0
C2�N3 141.4 141.4 138 136 136 −2 138 141 +3
N3�C4 137.9 137.9 142 140 143 +1 140 138 −2
C4�C4a 150.0 150.2 145 145 145 0 147 146 −1
C4a�N5 129.3 129.0 136 139 136 0 137 132 −5
N5�C5a 136.6 136.9 134 131 134 0 134 135 −1
C5a�C6 140.5 140.5 144
C6�C7 138.0 137.8 138
C7�C8 142.1 140.1 144
C8�C9 138.8 138.4 139
C9�C9a 140.1 140.3 142
C9a�N10 138.5 138.6 135
N10�C10a 138.2 138.2 137
C10a�N1 130.1 129.9 136
C5a�C9a 141.5 141.9 145 146 143 −2 145 143 −2
C4a�C10a 146.1 146.2 142 137 141 −1 141 144 +3
C10�R 146.7 146.8 147
C2�O2 121.2 121.1 121.1 119 130 +9 121 121 0
C4�O4 121.1 121.0 119 121 0 121 121 0

aAn empty cell indicates a variation less than 1 pm relative to the ground-state S0 geometry.
52 [Adaption of data presented by Salzmann.52

Reprinted with permission of Elsevier (copyright 2008).]

Table 2. Vertical Singlet and Triplet Excitation Energies E [eV] of 10-Methylisoalloxazine (MIA) and Lumiflavin (LF)a,52

State Electronic structure (MIA) MIA LF

S0 11A′ (0.95) Ground state 0 0
S1 21A′ (0.83)πH → πL 3.00 2.94
S2 11A″ (0.44)nO2 → πL* − (0.33)nN2 → πL* 3.18 3.21
S2−S1 0.23A 0.27A

T1 13A′ (0.85)πH → πL 2.30 2.24
T2 13A″ (−0.14)nO2 → πL* + (0.59)nN2 → πL* 2.87A 2.90A

T2−T1 0.52A 0.66A

Method DFT/MRCI(TZVP) DFT/MRCI(TZVP)
aThe superscript “A” denotes the adiabatic energy gap between two electronic states. [Adaption of data presented by Salzmann.52 Reprinted with
permission of Elsevier (copyright 2008).].
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In the S1 state Raman spectroscopy, a clear intensity increase
of the N1−C2 bands is observed when FMN transitions from an
aqueous environment to the EL222 binding pocket. This
suggests that for all three normal modes k, the product Δk
(−Lk,N1−C2ΔRN1−C2

g ) is positive. In contrast, for triplet-state
Raman, the C4a−N5mode at 1515 (−10) cm−1 exhibits a smaller
amplitude change in the opposite direction, shown in Figure 4 of
ref 30. This behavior may reflect a negative value of
Δk(−Lk,C4a−N5·ΔRC4a−N5g ) and weaker coupling strength be-
tween T1 and T2 states, induced by symmetry breaking in
hydrogen bond interactions within the EL222 binding pocket.
In this work, by considering electronic mixing between two

electronic states with displaced parabolic potentials, we
investigated key factors influencing the corresponding stimu-
lated Raman signal: (1) the coupling constant, (2) the energy
gap, and (3) the initial geometry difference.
We also derived the relationship between the frequency shift

in local modes and that in delocalized normal modes,
demonstrating that the local mode shift induces a proportional
shift in the normal modes with a distribution proportional to the
square of the corresponding eigenvector element.
Using the 0−1 transition frequencies, we estimated the force

constants of chemical bonds in the flavin ring, assigning the 9 pm
bond length changes in N1−C2 and C2�O2 to 0.5−0.6
variations in dimensionless coordinates, and the 5 pm change
in the C4a−N5 bond to 0.2−0.3.
Applying these findings to FSRS spectroscopy of free FMN

and EL222 in excited states, we find that the coupling between
the 1nπ* singlet state and the 1ππ* state lies within the weak
coupling regime, resulting in an overall redshift of approximately
20 cm−1 (less than 1.5%) in the N1−C2 stretching modes.
Due to differences in electron−electron interactions, the

triplet states T1 and T2 exhibit distinct initial geometry
variations, with the largest difference arising from the C4a−N5
bond (5 pm). Experimentally, the normal mode with
predominant C4a−N5 stretching exhibits a red-shift of
approximately 0.35%. The observed small intensity change,
manifested as a narrowing of the line width of the 1515 (−10)
cm−1 band in EL222, aligns with the weaker coupling strength
between triplet states T1 and T2 and the smaller initial geometry
variation compared to the singlet state S1 and S2 case.

■ METHODS

The Effect of Electronic State Mixing on the Potential
Curves and the Vibrational States

Two displaced harmonic oscillators, A and B, possessing
identical force constants, are employed to investigate the
influence of electronic state mixing on the potential curves:
V x x x V( ) ( )A e A e A

1
2 , ,= + and V x x x V( ) ( )B e B e B

1
2 , ,= + ,

withVe,B >Ve,A andΔRe,A→B = xe,B−xe,A. The adiabatic energy gap
between the minima of VA(x) and VB(x) is ΔEe,A→B = Ve,B−Ve,A.
The coupling constant between these two states remains
constant along coordinate x.
The behavior of this system can be described by the following

Hamiltonian:

H
V x
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jjjjjj
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The eigenvalues of this Hamiltonian can be expressed as
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Here, ΔEA→B(x) = VB(x)−VA(x), and the normalizing factor
is

E EN
1
2

( 4 ) 4A B A B
2 2 2 2 1/2= [ ± + + ]

(15)

Subsequently, we numerically solve the Schrödinger equation
for the system with the new potential VEd±

(x). The modified
Hamiltonian can be written as

H x T V x
x

V x( ) ( )
1
2

( )E E

2

2= + = +
± ± (16)

In the numerical simulations, the finite difference method is
applied with MATLAB code provided in the Supporting
Information. For simplicity, we set xe,A = 0 and Ve,A = 0.
We obtain the eigenvalues and eigenwave functions of the

system under the new potential VEd±
(x). The fundamental (0−1)

Raman transition frequency is calculated from the eigenenergy
difference between states |0⟩ and |1⟩, as well as the expected
position of the system ⟨n|x|n⟩. In this work, we use ⟨0|x|0⟩ as the
equilibrium position xe,A.
The Effect of Electronic State Mixing on the Stimulated
Raman Intensity
The relationship between the stimulated Raman intensity and
themolecular structure can be described by the imaginary part of
the third-order nonlinear susceptibility29,30

g M e

i

n n
i
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0 1

n g ev ev
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(3) 0 0

4
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jjjjjj
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zzzzzz

| |

× | |

(17)

where |n⟩ denotes the nth eigenfunction of the Raman-excited
state potential.
When the displacement between the Raman ground state and

the Raman excited state is small, contributions from higher
vibrational states on the Raman excited state can be neglected.
Thus, the above equation can be simplified as follows:
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In the displaced harmonic oscillator model, we have a further
simplified relation with the displacement24,25,30,72
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The displacement associated with the Raman transition for
normal mode k can be expressed as follows.23,73

L Rk
j

N

kj j
g e

1

3 6

=
= (20)

Here,ΔRjg→e denotes the displacement of the internal coordinate
between the parabolic potentials of the Raman ground state and
the Raman excited state, ΔRjg→e = Rje − Rjg.
Following electronic state mixing, the equilibrium position

(minimum) of the adiabatic potential curve undergoes a shift;
specifically, Rjg and Rje change to Rjg′and Rje′. This results in a
modification of the displacementΔk, with the amplitude ofΔΔk
= Lkj[(Rje′ − Rje) − (Rjg′ − Rjg)] = Lkj[ΔRje − ΔRjg]. The overall
contribution to the whole displacement Δk is ΔΔk The sign of
ΔΔk and Δk determines whether the Raman intensity for
vibrational mode k increases or decrease.
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