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We propose a practical first-principles protocol for computing electronic circular dichroism

(ECD) spectra of chiral molecules in aqueous solution by combining time-dependent den-

sity functional theory (TDDFT) with the reference interaction site model self-consistent

field with constrained spatial electron density (RISM-SCF-cSED), and, when necessary,

molecular dynamics (MD)-based conformational sampling. After demonstrating the ap-

proach for D-lactic acid in water as a benchmark system with limited conformational

variability, we apply a similar workflow to a solvated biomolecule, the terminally capped

alanine tetramer (Ac-Ala4-NMe). The achievements of this study is that incorporating ex-

plicit solutewater hydrogen-bonding structure through RISM-SCF-cSED enables quantita-

tive reproduction of the ECD spectrum of the rigid α-helical state. These results establish

RISM-SCF-cSED/TDDFT combined as a general and computationally efficient platform

for predicting ECD spectra of solvated molecules.
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I. INTRODUCTION

Circular dichroism (CD) spectroscopy measures the differential absorption of left- and right-

circularly polarized light, which is commonly reported as the differential molar extinction co-

efficient ∆ε(λ ) (or equivalently as molar ellipticity [θ ](λ )). It is an indispensable technique for

elucidating the structure and conformation of chiral molecules, including biomacromolecules such

as proteins and nucleic acids1–3. In particular, the electronic circular dichroism (ECD) in far-UV

serves as a sensitive probe of the secondary structure of polypeptides and proteins, enabling the

identification and quantification of motifs such as right-handed α-helices and β -strands from the

characteristic sign pattern and band positions of the spectrum4–7.

From a theoretical viewpoint, the ECD spectrum is characterized by both the excitation en-

ergies (band positions) and the signed intensities of the bands. The latter is governed by the

rotational strength of each electronic transition, while the corresponding UV-Vis absorption in-

tensity is described by the oscillator strength. Theoretical calculations have played an essential

role in interpreting the experimental ECD spectra8–10. Because the rotational strength is calcu-

lated from the scalar product of the electric and magnetic transition dipole moments, the treat-

ment of electronic excitation is required11–14. While highly sophisticated computational methods

such as SAC-CI15–24 or CAS-SCF/PT225–28 have been employed, time-dependent density func-

tional theory (TDDFT) is also widely utilized to predict the absolute configuration of chiral or-

ganic compounds and natural products29–32, as well as to analyze induced ECD in protein-ligand

interactions33,34. In addition, two challenges must be considered to quantitatively calculate the

ECD of, especially, biomacromolecules such as polypeptides existing in real systems. One is an

adequate representation of conformational fluctuations. For instance, even minor alterations in

chromophore orientation have been demonstrated to modify the intensity and even the sign of the

bands35,36. In particular, small polypeptides are too short to fold; they take a broader range of

conformation. The other is an accurate description of the solvent effects on electronic structure.

The polarizable continuum model (PCM) is the standard tool for incorporating bulk solvation,

approximating the solvent by its dielectric constant ε37,38. This method can accurately calculate

excitation energies and band shapes, particularly when specific solute-solvent interactions are not

dominant39,40. Furthermore, combining approaches incorporating a small number of explicit sol-

vent molecules into PCM32, and the quantum mechanics/molecular mechanics (QM/MM) method

employing molecular dynamics (MD) simulations is also effective41,42. However, its application
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often entails substantial computational costs. In aqueous solutions, it is readily conceivable that

local hydrogen bonding influences transition energies and rotational strength, necessitating com-

putational models that incorporate such a specific solute-solvent interaction.

A promising route is offered by hybrid integral-equation/quantum-chemical approaches, in

which the solute wavefunction is self-consistently coupled to the correlation functions of the sol-

vent. The reference interaction site model self-consistent field with constrained spatial electron

density (RISM-SCF-cSED) belongs to this family, providing a computationally efficient descrip-

tion of local solvent structure around the solute molecule treated with quantum chemistry43–45. In

this study, after the demonstration for a relatively small organic molecule in solution, D-lactic acid

in water which has minimal structural changes, the ECD spectrum of the terminally capped alanine

tetramer (Ac-Ala4-NMe) in solution, for which experimental data are available32, was calculated

using the RISM-SCF-cSED method. Recent developments and applications of RISM-SCF-cSED

demonstrate that it can account for diverse solution phenomena — including reaction thermo-

dynamics, NMR observables46–50, hyper Raman spectra51 and excited-state properties such as

solvatochromism — by directly feeding the solvent-induced potential into the electronic-structure

calculation45. It should be emphasized that the ECD calculation has not been employed within the

RISM-SCF-cSED framework to date, which is a key contribution of the present work. Another

contribution is to consider the conformational fluctuation of the solute molecule’s geometry, which

is often fixed in many quantum chemical computations. Because the original RISM and 3D-RISM

are also employed at the fixed geometry, the conformational effect is introduced via MD-based

ensemble averaging52–54. The method combining RISM-SCF-cSED averaging provides a unified

platform for predicting ECD spectra.

II. THEORETICAL METHODS

We used the RISM-SCF-cSED44 method to explicitly treat the solvent distribution around the

solute electronic structure. Since the details can be found elsewhere45, we briefly describe the

method for combinations with excited state calculations. In the RISM55,56, an integral equation

theory (IET) of molecular liquids, the solvent structure is described using total and direct correla-

tion function hαs(r), cαs(r). The main equations are the following RISM and closure relation (e.g.
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HNC closure);

hαs(r) = ∑
γt

ωαγ ∗ cγt ∗{ωts +ρthts}(r), (1)

hαs(r) = exp{−βuαs(r)+hαs(r)− cαs(r)}−1, (2)

where β = 1/kBT and ρt is the thermodynamic beta and number density of solvent site t, respec-

tively. Please refer to the literature for details on the intramolecular correlation function (ωαγ ) and

solute–solvent interaction function (uαs). In this theory, the solvent structure is obtained as the

radial distribution function (RDF) gαs(r) in the following relation;

gαs(r) = hαs(r)+1. (3)

To combine with solute QM calculations, the solvent-induced potential V is added to the Fock

operator using the SEDD (spatial electron density distribution) scheme57–61;

[
Fgas +V Ξ−1Σ

]
C = SCε, (4)

Vk = ∑
s

ρsqs

∫
drhαs(|r−Rα |)

∫
dr′

fk(r
′)

|r−r′|
, (5)

where S, C, ε are the overlap integral, orbital coefficients and orbital energies, respectively. In

Eq. (5), ρs and qs are the solvent site density and charge, respectively. fk(r) is the auxiliary basis

set dealing with the spatial distribution of the solute charge. For a precise definition of Ξ, Σ and

fk(r), the reader is referred to Sec. III.B of Ref. 45. In Eq. (5), the correlation function hαs is

included, bridging between the QM and IET calculations. Note that uαs(r) in Eq. (2) depends on

the density matrix P ; uαs = uαs(r;P ), where

Pµν = 2∑
i

C∗
iµCiν . (6)

These formulas are solved self-consistently in terms of V and P . In order to avoid negative atomic

site density, the cSED scheme44 was introduced by the following Lagrangian using parameters m

and µ ,

ΛcSED = ΛSEDD +
2
m

µ C(m)[d], (7)

where C(m)[d] is the penalty function and the reader is referred to Sec. III.C of Ref. 45 for its

detailed definition.
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Once a ground state (GS) wavefunction is obtained from the RISM-SCF-cSED procedure, the

excited state (ES) properties can be calculated within the TDDFT framework. The excitation en-

ergies Ω and the corresponding eigenvectors (X,Y ) are obtained by solving the Casida equation,A B

B A

X

Y

= Ω

1 0

0 −1

X

Y

 , (8)

where the orbital energy differences and two-electron integrals in (X,Y ) are augmented by the

solvent-induced potential obtained from the RISM-SCF-cSED scheme. In the present RISM-SCF-

cSED/TDDFT scheme, the solvation effect on electronic excitations is incorporated through the

solvent-induced one-electron potential V obtained self-consistently for the ground state (Eqs. (4)-

(7)). The Casida matrices are constructed from the solvent-refined Kohn-Sham orbitals and orbital

energies in the presence of V ; consequently, the electron-hole coupling terms (including the two-

electron-integral contributions) are evaluated with these solvent-perturbed orbitals, i.e., solvation

affects them implicitly via orbital relaxation induced by V rather than via an additional solvent-

dependent two-electron operator. Because ECD is an absorption (vertical excitation) property,

we adopt a frozen-solvent approximation in the excited-state calculation: the solvent distribu-

tion/correlation functions determined for the ground state are kept fixed, and no further solvent

relaxation with the excited-state density is considered. The ECD spectra are then simulated from

the calculated excitation energies and rotational strengths. The latter is defined for the n-th ES as

R0n = Im(µ0n ·m0n) , (9)

where µ0n and mn0 are the electric and magnetic transition dipole moments between the GS and

n-th ES, respectively. They are represented in the TDDFT scheme using the components of the

eigenvectors in Eq. (8) (X ja,n and Yja,n) as

µ0n = ∑
ja
⟨ j |r |a⟩(X ja,n +Yja,n), (10)

m0n = ∑
ja

〈
j
∣∣∣∣ i

2
r×∇

∣∣∣∣a
〉
(X ja,n −Yja,n), (11)

where the braket and indices j and a are the conventional notation. Through this scheme, it be-

comes possible to estimate the ECD spectrum, which is derived from the solvent-refined wavefunc-

tions and excitation energies. In the present work, we implemented the RISM-SCF-cSED/TDDFT

scheme into the Gaussian 16 program package62 and all the electronic structure calculations were
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First-principles ECD calculation using RISM-SCF-cSED

performed using this code. In practice, the present RISM-SCF-cSED/TDDFT calculation is car-

ried out in two steps. First, for a given solute geometry, the coupled RISM and SCF equations

(Eqs. (1)-(7)) are iterated until self-consistency is achieved between the solute density matrix P

and the solvent-induced potential V . After obtaining the converged ground-state wavefunction and

solvent-refined orbital energies, the Casida equation (Eq. (8)) is solved using these quantities to

compute the excited states and the ECD spectrum.

III. COMPUTATIONAL DETAILS

A. Shared settings for RISM-SCF-cSED/TDDFT calculations

The RISM equation was solved by using the hyper-netted chain (HNC) closure at 298.15 K.

The Lennard-Jones parameters for the solute and solvent molecules are listed in the Supplemen-

tary material (SM, Sec. 1.A-B). The bulk solvent site density was set to ρt = 3.336× 10−2 Å−3,

corresponding to a mass density of 0.99796 g cm−3 for liquid water. The solvent was represented

by a rigid three-site water model with rOH = 0.9572 Å and ∠HOH = 104.52° (see Sec. 1.B in

SM). In the present work, the solvent susceptibility entering the RISM-SCF-cSED calculation

was generated from the standard one-dimensional RISM/HNC treatment of the adopted three-

site water model at the specified (T and ρt) state point. Accordingly, unlike continuum models, no

macroscopic dielectric constant was supplied as an external parameter, and no dielectric-consistent

RISM (DRISM) correction was applied to force the experimental dielectric constant of water.

We adopted this setup to keep the first ECD implementation fully consistent with the established

RISM-SCF-cSED protocol and to focus on the role of explicit local solute-water structure. De-

tailed numerical settings of RISM-SCF-cSED including convergence and grid point information

are shown in Sec. 1.C in SM.

Other setups are in the following way. Unless otherwise stated, TDDFT calculations were

performed at the B3LYP/6-311++G(d,p) level. In addition, for the rigid α-helical Ac-Ala4-NMe

benchmark, we also tested other exchange-correlation functionals (PBE0, M06-2X, CAM-B3LYP,

and ωB97X-D) with the same 6-311++G(d,p) basis set to assess the functional dependence of the

calculated ECD spectrum; the results are summarized in Fig. S2 and Table S2 of the Supplemen-

tary Material. After the RISM-SCF-cSED/TDDFT calculations, the obtained transitions were con-

voluted using a Gaussian function with a full-width at half-maximum (FWHM) of 0.7 eV, whereas

6

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

03
33

01
3



First-principles ECD calculation using RISM-SCF-cSED

0.35 eV was used for the UV-Vis spectra. When we computed the ensemble-averaged spectrum,

it was obtained by direct averaging of the individual snapshot spectra. In figures showing ensem-

ble data, we plot all individual snapshot spectra together with their arithmetic mean rather than

a shaded uncertainty band, because the spectral spread is strongly wavelength-dependent and can

be non-Gaussian or even sign-changing; this representation is intended to show the full configu-

rational variation without implying a formal confidence interval. Because the NPT MD trajectory

already provides a Boltzmann-distributed ensemble under the employed force field, no additional

reweighting was applied. The calculated spectra were plotted using the Multiwfn program63,64,

and the experimental spectra were extracted using WebPlotDigitizer65. The digitized experimen-

tal ECD curves were used on a relative vertical scale. Accordingly, the comparisons below focus

on the sign pattern, band positions, and normalized intensity ratios rather than on absolute CD

magnitudes. All the MD simulations were performed with the Amber 25 package66.

B. D-lactic acid in aqueous solution

To demonstrate the effect of incorporating conformational fluctuations into the spectral simu-

lation, we chose D-lactic acid (DLA) as a simple chiral model system. Because its conformational

ensemble in solution is expected to be influenced primarily by rotation about the C∗–C(=O) bond,

DLA provides a convenient minimal example for assessing how such torsional motion affects the

calculated ECD spectrum. Force-field parameters for the neutral DLA solute were generated with

GAFF267 and AM1-BCC partial charges68,69. The solute was solvated in a periodic TIP3P70 wa-

ter box with a 12 Å buffer, resulting in 12 solute atoms and 828 water molecules (2496 atoms in

total). After solvent relaxation followed by an unrestrained minimization, the system was heated

from 0 to 300 K for 50 ps under NV T with harmonic restraints (5 kcal mol−1 Å−2) on solute

heavy atoms. Subsequently, NPT equilibration was carried out at 300 K and 1 atm with weakened

restraints (2 kcal mol−1 Å−2) for 200 ps and then without restraints for 500 ps. Production MD

was performed in the NPT ensemble for 3.6 ns. A 2 fs time step was used with SHAKE con-

straints on bonds involving hydrogen atoms71. Long-range electrostatic interactions were treated

with the particle-mesh Ewald method72, and a 10 Å cutoff was applied to nonbonded interactions.

Temperature was controlled by a Langevin thermostat (γ = 2 ps−1), and pressure was controlled

isotropically (relaxation time 2 ps). Coordinates were saved every 10 ps during the production

MD. For the ECD calculations, 50 solute snapshots were selected from the production trajectory
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First-principles ECD calculation using RISM-SCF-cSED

at approximately uniform intervals (ca. 70 ps between analyzed snapshots; i.e., not every saved

frame). Water molecules were removed from these snapshots, and the resulting solute geometries

were used as input for the RISM-SCF-cSED/TDDFT calculations, in which the 10 lowest-lying

excited states were computed. In contrast to Ac-Ala4-NMe discussed below, we did not introduce

a separate fixed-geometry benchmark for D-lactic acid, because the purpose here was to assess

ensemble-averaging effects in a small chiral solute without an experimentally isolated rigid refer-

ence state.

C. Ac-Ala4-NMe in aqueous solution

The experimental curve used for comparison is the difference ECD spectrum for Ac-HAAAH-

NH2 reported in Fig. S6a of Ref. 32. It was obtained by subtracting the additive-free spectrum

from the spectrum measured under the His/Co2+-stabilized condition. Because the experimental

peptide contains His residues and differs from Ac-Ala4-NMe in sequence, terminal capping, and

metal-coordination environment, this curve is not an absolute experimental ECD spectrum of Ac-

Ala4-NMe. Following the interpretation in Ref. 32, we use it only as an experimentally extracted

proxy for the α-helical backbone contribution. Therefore, the comparison is restricted to the

normalized line shape, sign pattern, and band positions, rather than absolute CD intensity.

Ac-Ala4-NMe in aqueous solution takes an extended structure to form more hydrogen bonds

to the environmental water molecules, but experimentally, the α-helical conformation was ob-

served upon insertion of His residues and addition of Co2+ ion32, implying that the conformation

is stabilized by strong metal coordination. In the experimental setup of Ref. 32, His residues are

introduced into the peptide sequence to provide metal-binding sites, and Co2+ added to the solution

forms coordination bonds with these His side chains. This His–Co2+ coordination is known to sta-

bilize the peptide backbone into an α-helical preference in this system. In Ref. 32, the experimen-

tal curve used here as the α-helical reference was not a raw spectrum measured for the stabilized

sample alone. Rather, it was obtained by subtracting the additive-free spectrum from the spectrum

recorded under the His/Co2+-stabilized condition, and was used as an approximate experimental

proxy for the α-helical contribution. Therefore, in the present fixed-geometry benchmark, the cal-

culated spectrum of the idealized α-helical Ac-Ala4-NMe structure is compared directly with this

experimentally extracted difference spectrum; no difference operation was applied on the theoret-

ical side. In other words, the α-helix is likely to be more rigid than that of a typical peptide helix,
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and conformational fluctuation is virtually suppressed. Therefore, we fixed all the Ramachandran

dihedrals at (ϕ ,ψ) = (−57.0,−47.0), which is one of the ideal α-helical parameters73, and other

degrees of freedom were then relaxed using the standard DFT (B3LYP) and the 6-31G basis set.

The electronic structures of the GS and 30 lowest-lying ESs were calculated with the B3LYP func-

tional referring to previous studies32,41. For comparison, ES calculations were performed in the

gas phase and with the integral-equation formalism of PCM (IEF-PCM, ε = 78.3553). As there are

many states in the low-lying region of the isolated α-helix, the number of states in the gas phase

calculation was increased to 50. Accordingly, the α-helix calculations provide a fixed-geometry

benchmark to compare the solvent models (gas phase, IEF-PCM, and RISM-SCF-cSED) against

the experimentally extracted α-helical contribution. Note that this comparison is not intended to

represent the full conformational ensemble of the additive-free peptide.

IV. RESULTS AND DISCUSSION

A. D-lactic acid in aqueous solution

DLA is a compact chiral hydroxy acid that provides a useful test case for assessing how con-

formational fluctuations and hydration jointly shape the ECD response in aqueous solution74,75.

In water, its carboxyl and hydroxyl groups are strongly coupled to hydration through hydrogen

bonding, while the intrinsic flexibility of the solute is governed by only a few torsional de-

grees of freedom. In particular, the relative arrangement between the chiral center and the car-

boxyl chromophore can be characterized primarily by the torsion about the C∗–C(=O) bond, with

the hydroxyl torsion further modulating the local hydrogen-bonding motif. Because this low-

dimensional conformational variability coexists with pronounced solvent interactions, DLA may

serve as an instructive test case to examine how thermally accessible structural fluctuations and

hydration effects are reflected in the ECD response.

The aqueous-phase ECD spectrum of lactic acid has been characterized in multiple wavelength

windows. First, Bocková et al. reported UV-ECD spectra of both D- and L-lactic acid (together

with related hydroxycarboxylic acids) in aqueous solution over 170–280 nm using synchrotron-

radiation circular dichroism (SRCD)74. The spectra of the two enantiomers are quasi-perfect mir-

ror images, which provides an experimental justification for comparing the D-enantiomer spec-

trum with the sign-inverted L-enantiomer spectrum. In this wavelength range, the spectrum is
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First-principles ECD calculation using RISM-SCF-cSED

FIG. 1. The calculated ECD spectra of DLA in water by the RISM-SCF-cSED method. The black lines are

the spectrum at each sampled structure, and the red is their simple ensemble average. The dashed magenta

line is the D-enantiomeric corresponding experimental result digitized from Ref. 75 for L-enantiomer and

sign inverted to represent the D-enantiomer.

dominated by a broad band with an extremum near 210 nm, assigned to the n-π∗ transition of the

carboxyl chromophore. The reported solutions had pH 2–3.1, where lactic acid is predominantly

present in the undissociated (protonated) form.

Second, Fukuyama et al. extended the aqueous-phase ECD spectrum of lactic acid down

to 160 nm by measurements from 250 to 160 nm at 25 ◦C using a synchrotron-radiation ECD

instrument, and additionally cross-checked the 250–190 nm region with a conventional CD

spectrometer75. The L-lactic-acid spectrum exhibits two positive bands around 211 and 172 nm

and one negative band around 184 nm. Their sample solutions were adjusted to pH 5.1–5.4 using

NaOH, and thus the experimental protonation state may differ from the neutral form consid-

ered in the present MD/RISM-based workflow; we therefore treat the comparison primarily as

a benchmark for the overall sign pattern and band positions in water across a broad wavelength

window.

Figure 1 compares the ensemble-averaged ECD spectrum obtained here for DLA with the sign-

inverted experimental spectrum75. A key point emerging from Table I is that the present protocol

reproduces the positions of the dominant extrema in water within a few nanometers (λmin ≈ 210 nm

and λmax ≈ 181–184 nm), whereas the relative intensity between the far-UV positive band and

the ∼210 nm minimum is not captured quantitatively. Specifically, after normalization by the
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First-principles ECD calculation using RISM-SCF-cSED

TABLE I. Maximum and minimum wavelength and the corresponding ECD intensity ratio in Figure 1.

λmax (nm) λmin (nm) Intensity ratio a

Calc. 181 210 1/0.15

Expt.75 184 211 1/2.98

a Intensity ratios were calculated from the absolute values of the vertical axis, normalized with respect to the

negative peak around 210 nm.

∼210 nm minimum, the calculated intensity of the positive band near ∼181 nm is 0.15, while

the experimental counterpart near ∼184 nm is 2.98. In other words, although the sign pattern

and band positions are qualitatively reproduced, the present calculation substantially underes-

timates the relative contribution of the short-wavelength positive feature (around 180–190 nm)

compared to the n-π∗-dominated band around 210 nm. This discrepancy is also consistent with

the large configuration-to-configuration variability visible below ∼200 nm (black curves in Fig. 1),

suggesting that the ensemble-averaged signal in this region is particularly sensitive to conforma-

tional/hydration fluctuations and may require more extensive sampling and/or refined modeling to

achieve quantitative agreement.

In the 200–240 nm window, the calculated profile reproduces the experimentally observed sign

and band position of the dominant feature around 210 nm, consistent with the assignment of this

band to the n-π∗ transition of the carboxyl chromophore. In contrast, the shorter-wavelength region

(roughly 170–195 nm) exhibits a noticeably larger discrepancy in spectral shape, most prominently

in the relative intensity of the positive band centered near ∼185 nm in the experimental spectrum

(for the D enantiomer). This behavior is consistent with the fact that the far-UV region involves

higher-energy transitions that are more difficult to assign and more sensitive to both solute confor-

mations and local hydration patterns. Fukuyama et al. emphasized that the calculated spectra of

lactic acid are greatly influenced by the dihedral angles of the COO− and OH groups, and that in-

dividual hydrated structures can yield substantially different peak positions and intensities. Their

analysis also indicates that the ∼185 nm region is not governed by a single simple contribution,

but can be influenced by multiple transitions (including contributions beyond the dominant n-π∗

character), making this region intrinsically more demanding for theory. Accordingly, the present

underestimation of the 180–190 nm intensity relative to the ∼210 nm band can be interpreted as

a practical manifestation of this sensitivity: the averaged spectrum in this range is affected by
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First-principles ECD calculation using RISM-SCF-cSED

the balance among multiple high-energy transitions and therefore becomes more susceptible to

incomplete configurational sampling and methodological approximations.

A second important consideration is the coupling between torsional fluctuations and hydration

motifs. Fukuyama et al. demonstrated that the ECD peak positions and intensities are markedly

affected by the dihedral angles of the COO– and OH groups in lactic acid, and that the OH torsion

can strongly modulate the ECD spectrum for geometries where the OH oxygen is proximal to an

oxygen of the COO– group. They further concluded, from comparison with L-alanine, that a net-

work with relatively loose hydrogen bonding around the COO– and OH groups is responsible for

the flexible conformations of hydroxy acids and their complicated side-chain dependence relative

to amino acids. In the present MD/RISM workflow, the configuration-to-configuration variabil-

ity is indeed larger in the 170–195 nm region than in the n-π∗-dominated 200–240 nm region.

This suggests that rare but spectroscopically important torsion/hydration motifs may contribute

disproportionately to the far-UV band, motivating additional sampling and/or enhanced-sampling

strategies if quantitative agreement in this region is sought.

Finally, the protonation state is another factor that can influence both intensities and band

positions, especially because the dominant chromophore is the carboxyl group. The SRCD

measurements74 were performed at pH 2–3.1, where lactic acid is predominantly protonated,

whereas Fukuyama et al. adjusted their solutions to pH 5.1–5.4 using NaOH75. Because the

present MD sampling was performed for the neutral (protonated) form, the comparison to the

spectrum75 should be interpreted cautiously, particularly for relative intensities in the short-

wavelength region. A fully quantitative comparison across experiments conducted at different

pH values would require explicit consideration of acid–base equilibrium, e.g., by performing

MD/RISM sampling for both protonated and deprotonated forms and combining their spectra

with appropriate weights at the experimental pH. Within the present revision, we restrict ourselves

to 50 snapshots for the neutral form, and we leave such protonation-state averaging and further

increase of the sample size for the far-UV convergence as important future tasks.

Overall, the present calculation with 50 snapshots captures the dominant feature around 210 nm

and reproduces the qualitative sign pattern in water across a broad wavelength window, support-

ing the applicability of the MD+RISM-SCF-cSED strategy to a small, low-dimensional con-

formational system. At the same time, the remaining discrepancy in the far-UV region around

180–190 nm—most clearly seen in the intensity ratio summarized in Table I—highlights a prac-

tical limitation: higher-energy bands are more sensitive to conformational/hydration fluctua-
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First-principles ECD calculation using RISM-SCF-cSED

FIG. 2. The α-helical structure of Ac-Ala4-NMe. For simplicity, H atoms of the methyl groups are omitted.

The numbering of O and H atoms and intramolecular hydrogen-bond distances (in Å) are also shown.

tions and protonation state, and may demand more extensive sampling and/or refined electronic-

structure/solvation treatment for quantitative agreement.

B. Ac-Ala4-NMe in aqueous solution

We examined the solvent effect on the ECD spectrum at the α-helix structure, which is shown

in Figure 2. In this conformation, the oxygen atoms O1 and O2 form intramolecular hydrogen

bonds with the H4 and H5 amide hydrogens of the residues three positions ahead, at distances of

2.21 and 2.27 Å, respectively.

The ECD and UV-Vis spectra computed using the RISM-SCF-cSED method, together with

the experimentally extracted α-helical difference spectrum from Ref. 32, are shown in Figure

3. For comparison, the spectra calculated in the gas phase (an isolated peptide) and with the

IEF-PCM are also included. All three calculations (RISM-SCF-cSED, IEF-PCM, and gas phase)

were performed as single-point TDDFT evaluations on the identical solute geometry; therefore,

the differences in the spectra arise solely from the different solvent treatments. The RISM-SCF-

cSED spectrum gives the closest agreement with the normalized experimental difference spectrum

among the tested models, particularly in the sign pattern and the positions of the positive and

negative bands commonly associated with the π-π∗ (∼190 nm) and n-π∗ (∼220 nm) regions.

Table II summarizes the peak wavelengths and the ECD intensity (height) ratios, normalized with

respect to the positive band. Because the experimental curve is an extracted difference spectrum
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First-principles ECD calculation using RISM-SCF-cSED

FIG. 3. (a) Comparison of calculated ECD spectra of α-helical Ac-Ala4-NMe in water by RISM-SCF-cSED

(red line), IEF-PCM (blue line), and in the gas phase (dark-green line) with the experimentally extracted

α-helical difference spectrum from Ref. 32, Fig.S6 (dashed magenta line). The experimental curve corre-

sponds to the spectrum recorded under the His/Co2+-stabilized condition minus the additive-free spectrum

(for the details, see the main text). (b) Calculated UV-Vis spectra by the corresponding methods.

for a His-containing peptide rather than an absolute spectrum of Ac-Ala4-NMe, the comparison

should be interpreted as a relative line-shape benchmark. Note that the RISM-SCF-cSED and

experimental difference spectra are normalized to the positive band near 190 nm, whereas the

IEF-PCM spectrum is normalized to the negative band near 188 nm and the gas-phase spectrum to

the positive band near 240 nm. For this relatively rigid α-helical structure, we also examined the

dependence of the calculated ECD spectrum on the choice of density functional and basis set; the
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First-principles ECD calculation using RISM-SCF-cSED

TABLE II. Maximum and minimum wavelength and the corresponding ECD intensity ratio in Figure 3(a).

λmax (nm) λmin (nm) Intensity ratio

Calc.(RISM-SCF-cSED) 184 222 1/0.44

Expt.32 189 219 1/0.30

TABLE III. Maximum wavelength λ and molar absorption coefficient ε in Figure 3(b).

λ (nm) ε (103 M−1 cm−1)

RISM-SCF-cSED 190 14.2

221 1.5

IEF-PCM 195 15.1

227 1.7

results are summarized in Figures S1 and S2 and Tables S1 and S2. In the IEF-PCM calculation,

the negative rotational strength in the n-π∗ region is successfully reproduced, but both positive and

negative peaks appear in the π-π∗ region, resulting in an artificial "−+" split pattern. To further

examine the difference between the solvent models, we consider the UV-Vis properties, i.e., the

excitation energies (Figure 3 (b)). Both models show the strong (∼190 nm) and weak (∼220

nm) absorptions, with their wavelengths at the absorption maxima and the corresponding molar

absorptivities shown in Table III. Compared with IEF-PCM, the RISM-SCF-cSED results are

blue-shifted by about 5-6 nm, while the overall spectral profile remains virtually the same apart

from this parallel shift. Unfortunately, the experimental UV-Vis was not available. It is likely

that the red shift of the strong peak in IEF-PCM partially contributes to the artificial split pattern

observed in its ECD spectrum. On the other hand, the gas-phase spectrum shows a significant

deviation, with the characteristic absorption around 190 nm absent. The analysis of the TDDFT

results shows that each of these three spectra consists of multiple transitions among numerous

molecular orbitals, making it difficult to characterize the absorption spectra. Note that, due to

the helical structure, it is not possible to define molecular planes or π-orbitals clearly. While

there are many small transitions around 220 nm in the gas phase, the relative transition energies

are considerably higher due to solvation. In this system, the α-helical structure in the ground

state possesses a significant dipole moment, 18.6 Debye, which is further enhanced to 24.4 Debye

(IEF-PCM) or 27.2 Debye (RISM-SCF-cSED). The ground state is likely more stabilized than the
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First-principles ECD calculation using RISM-SCF-cSED

FIG. 4. RDFs between the O atoms in Ac-Ala4-NMe (solute peptide) and the H atoms in water (solvent).

The numbering of O atoms are also shown.

excited states, and the energy gap widens in aqueous environments. Similarly, the observed ECD

spectra cannot be assigned to a single transition, and the analysis of the ECD spectrum in the π-π∗

region obtained from the two solvent models is more complex, as it requires consideration of not

only the oscillator strengths in the UV but also the magnetic dipole contribution. Consequently,

the solvation effect is crucial for accurately computing UV-Vis and ECD calculations; its absence

renders these calculations insufficient. Note that the same structure was employed all over the

computations, meaning that the differences are attributed only to the differences in the electronic

structure.

Typical RDFs calculated by RISM-SCF-cSED are plotted in Figure 4. These oxygen atoms

(O3, O4 and O5) are not involved in the intramolecular hydrogen bondings (see Figure 2), which

are exposed to the aqueous environment. Sharp RDF peaks were observed at distances slightly

shorter than 2 Å around each oxygen atom, indicating the formation of hydrogen bonds with the

solvent water. While these carbonyl oxygens of the peptide are responsible for both the n-π∗ and

π-π∗ transitions, the corresponding molecular orbitals are not localized at a specific bond, instead

spread over the molecule. As mentioned above, the occupied π-orbitals are likely to be more

stabilized by the solvation through the hydrogen bonding with the environment, increasing the

excitation energies.
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First-principles ECD calculation using RISM-SCF-cSED

V. CONCLUSION

In the present work, we extended the RISM-SCF-cSED method to compute ECD spectra of sol-

vated molecules within a TDDFT framework. As an initial demonstration, we examined D-lactic

acid in aqueous solution, a compact chiral hydroxy acid with low-dimensional conformational

variability. The ensemble-averaged spectrum obtained from 50 MD snapshots followed by RISM-

SCF-cSED/TDDFT calculations reproduced the dominant aqueous feature around 210 nm and the

qualitative sign pattern in the 170–240 nm region, although discrepancies in the far-UV intensity

indicate the need for broader sampling and explicit treatment of protonation-state effects for fully

quantitative agreement.

For the α-helix structure, considered to form under the condition with His residues and Co2+,

the ECD spectrum computed with the RISM-SCF-cSED shows good agreement with the experi-

mentally extracted α-helical difference spectrum. The UV-Vis absorptions computed by TDDFT

using this method and IEF-PCM remarkably resemble each other, suggesting a similarity between

the respective orbitals altered by the solvation. Overall, the present results demonstrate that RISM-

SCF-cSED/TDDFT is a useful framework for treating solvent effects in ECD calculations.

SUPPLEMENTARY MATERIAL

The supplementary material (SI.pdf) contains additional information and data on the computa-

tional parameters (S1), and other results of the Ac-Ala4-NMe calculation (S2).
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