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Abstract

The zwitterionic form of aqueous LL-alanine is chosen as a benchmark for the theoretical evaluation of the optical rotatory dis-

persion (ORD) in solution, as provided by a simple application of the perturbed matrix method (PMM). Results show the appli-

cability of this procedure, suggesting that its use might provide a general theoretical-computational tool for describing, at

atomic–molecular level, the optical activity of a molecule in a complex environment.

� 2005 Elsevier B.V. All rights reserved.
1. Introduction

The optical activity is a chemical–physical property

of paramount fundamental and practical importance,

originating from the interaction of light with chiral mol-

ecules. For many years this property has been exten-

sively studied because of its key role in many areas of
chemistry and biochemistry, such as enanthioselective

synthesis and the determination of secondary structure

of bio-macromolecules. More recently the deep under-

standing and modelling of this property is becoming of

central importance as the recent advances in time-re-

solved circular dichroism (CD), able to follow folding

kinetics, represent one of the most exciting perspective

in protein folding area [1]. From a computational view-
point the optical rotation as a function of the wave-

length, optical rotatory dispersion (ORD), is typically

the optical property modeled as it is simpler than CD

to be calculated and provides equivalent information

[2]. Modelling of ORD in vacuo can be carried out,
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nowadays, in a relatively straightforward way with a

reasonable accuracy by using well established quantum

chemical procedures [3,4]. On the other hand, the calcu-

lation of this property for a molecule embedded in a

complex environment is much more problematic. At

the best of our knowledge the only attempts in this

direction have been performed both by mimicking the
solvent with a homogeneous dielectric [5] and by a sta-

tistical sampling, via molecular dynamics (MD) simula-

tions, of a predefined interaction Hamiltonian

constructed in the unperturbed conditions [6], i.e.,

neglecting any electron density modification due to the

environment. We have recently proposed a theoretical-

computational method, the perturbed matrix method

(PMM), which takes into account the atomic environ-
ment and is specifically designed for evaluating the elec-

tronic properties of a quantum center (QC) within a

complex molecular system [7]. This method showed its

reliability and accuracy in the calculation of absorption

spectra of different molecular systems, ranging from

small solutes [8] to chromophores in large biomacromol-

ecules [9] in aqueous solution, as well as to describe

chemical reactions [10]. In this work, we show how
to obtain ORD spectra of solvated molecules as a
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straightforward application of PMM combined with

MD, using the aqueous LL-alanine in its zwitterionic

state, as a test case.
2. Results

PMM is described in previous Letters [7,11,8] and in

this Letter, we only show how to obtain ORD spectra.

In this method, a portion of a complex molecular sys-

tem, the quantum center, is treated quantum-mechani-

cally with the rest of the system, e.g., the solvent and/

or the protein, described as a semi-classical atomic envi-

ronment and providing the perturbation. In practice, we
calculate the unperturbed Hamiltonian matrix by ab ini-

tio calculations and, then, a molecular dynamics simula-

tion is used to obtain a �time-sequence� of the perturbing
electric potential and field acting on the QC, to be used

to construct the perturbed Hamiltonian matrix in time.

Finally, diagonalisation of the perturbed Hamiltonian

matrix ~H at each MD frame, provides a �trajectory� of
QC perturbed eigenvalues (�i) and eigenvectors (ci)
and, therefore, of whatever perturbed electronic prop-

erty given by the generic operator â and expressed by

the corresponding matrix ã:

½~a�i;j ¼ c�Ti ~a0cj; ð1Þ

½~a0�l;l0 ¼ hU0
l jâjU0

l0 i; ð2Þ

where ã0 represents the observable â in the unperturbed

basis set defined by U0
l (the unperturbed Hamiltonian

eigenfunctions). The theoretical quantity pertinent to

optical activity is the light rotation angle per molecule

(in the volume unit) and per unit of length of the med-
ium passed by the incident light [12]

Dh
Nd

¼ l0

3�h

Xn

l¼1

w2

w2 � w2
0;l

ImfhU0 j l̂ j Uli � hUl j m̂ j U0ig;

ð3Þ
where l̂ and m̂ are the electric and magnetic moment

operators, Ul represents the lth (perturbed or unper-

turbed) electronic eigenfunction, w0,l, w are the frequen-

cies of lth excitation (from the ground state) and of the

incident radiation, respectively, l0 is the vacuo magnetic

permeability, N is the number of the optical active (sol-

ute) molecules in the volume unit, d is the length passed

by the incident light and Dh is the rotation angle of the
polarized light due to the optical activity of the medium.

Moreover n provides the total number of excited states

used in the calculation, which should tend to infinity

to obtain exact results; in practice such a number is finite

and possibly small, according to the convergence of the

sum in Eq. (3). From Dh and the solute molecular mass

M, it is straightforward to obtain the specific rotation

½a� ¼ DhðNdMÞ in deg/[dm(g/cm3)], typically used to ex-
press the ORD data. We calculated [a] for both the iso-

lated (unperturbed) and aqueous LL-alanine in its

zwitterionic form, using for the latter the perturbed

energies and transition moments obtained, via Eqs. (1)

and (2), by PMM and MD. The unperturbed properties

(i.e., excitation energies, electric and magnetic moments)
were obtained by DALTONALTON [13] (CASSCF method, 10

electrons in 11 orbitals) and GAUSSIANAUSSIAN [14,15] (time

dependent density functional theory, TD-DFT [16],

method, B3-LYP [17,18] functional) software packages,

using in both cases 6-311++G** atomic basis set. Such

calculations were performed on the vacuo energy mini-

mized structure which resulted, from molecular dynam-

ics simulation, as very close to virtually all the accessible
alanine configurations. Hence, unperturbed quantum

chemical calculations on other alanine structures were

disregarded. The classical molecular dynamics simula-

tion was performed with the aid of GROMACSROMACS software

package [19] in the NVT ensemble, using a box with 256

water molecules (SPC model [20]) plus an alanine mole-

cule with roto-translational constraints [21], at the typi-

cal liquid water density (55.32 mol/l). Note that for the
alanine molecule all the intramolecular degrees of free-

dom, except for the bond lengths constrained by LINCS

[22], have been explicitly included in the simulation. The

Gromos96 force field was used, the time length of

the simulation was 25 ns with a time step of 2 fs and

the temperature was kept fixed at 300 K by the isoki-

netic temperature coupling [23]. Finally, long range elec-

trostatic interactions (beyond 0.9 nm radius) were
treated by particle mesh Ewald (PME) method, as

implemented in GROMACS. The possible gauge depen-

dence of the magnetic moments was tested comparing

the results obtained with London and non-London orbi-

tals (the former should provide gauge independent re-

sults), and no relevant differences were observed. In

Fig. 1, we show the unperturbed alanine ORD values

(given by [a]) at the sodium D-line wavelength (589
nm), as a function of the increasing number of excited

states used in Eq. (3). We compare results obtained by

both ab initio methods, CASSCF and TD-DFT, involv-

ing up to sixteen excited states. From the figure it is clear

that only TD-DFT seems to converge, with a final value

of �34� rather close to the corresponding linear re-

sponse theory [24] one (�17�) obtained by GAUSSIANAUSSIAN

software package. This latter procedure, commonly em-
ployed for ORD calculations, circumvents the direct cal-

culation of the sum of Eq. (3) and it is considered as a

reasonably reliable method. CASSCF calculations pro-

vide [a] values which are clearly unstable and, when all

the sixteen excited states are included, give a specific

rotation (about �660�) which does not match the corre-

sponding linear response theory value (�28�) obtained
by DALTONALTON software package. The unstable CASSCF
ORD values are probably due to the limited active space

(11 orbitals) used, which results in rather inaccurate
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Fig. 1. The vacuum (unperturbed) values of the LL-alanine optical activity at 589 nm ([a]D) as calculated using up to the first sixteen excited states.

Dashed line and circles = CASSCF, solid line and squares = TD-DFT.
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electric and (especially) magnetic transition moments for

high electronic excitations necessary for [a] to converge.

TD-DFT, on the other hand, although probably less

accurate for the first excitations, can provide a rather

stable and reliable procedure also for highly excited

states, hence allowing for a possible convergence. The

use of further TD-DFT excited states, although possible
and for a few higher energy excitations tested still pro-
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Fig. 2. The aqueous (perturbed) values of the LL-alanine optical activity at 5

Dashed line and circles = CASSCF/PMM, solid line and squares = TD-DFT
viding relatively stable ORD values (data not shown),

it is very likely to introduce only noise because of the

unreliability of the transition magnetic moments. More-

over, the (correct) higher energy terms (beyond the 16th

excited state) in the sum of Eq. (3) should provide neg-

ligible (absolute) contributions when focusing on optical

activity in the frequency range far lower than the first
excitation energy. In Fig. 2, we show the perturbed
10 15
r of states

89 nm ([a]D) as calculated using up to the first sixteen excited states.

/PMM.
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alanine [a] values (obtained by PMM based on the pre-

vious ab initio methods) at the sodium D-line wave-

length (589 nm), as a function of the increasing

number of (perturbed) excited states (again up to the

16th). Such ORD values have been evaluated averaging

the (perturbed) rotation angle over the whole MD tra-
jectory and PMM results were obtained diagonalising

at each MD frame a perturbed Hamiltonian matrix con-

structed using the ground and first 20 excited (elec-
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Fig. 3. Acqueous (perturbed, solid line) and vacuum (unperturbed, dashed li

PMM calculations using sixteen excited states.
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Fig. 4. Specific rotation distribution (at 589 nm) of LL-alanine in
tronic) states. In this way, we obtained a reliable

evaluation of the first sixteen perturbed excited states

(note that the perturbed Hamiltonian matrix we use

does not involve magnetic moments). Also in this figure,

only the [a] values obtained by PMM calculations based

on TD-DFT (TD-DFT/PMM) seem to converge, reach-
ing a value of about +60� when sixteen perturbed excited

states are used. Interestingly such a value is reasonably

in agreement with the experimental one (+1�), and
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ne) ORD spectra of LL-alanine, as obtained by TD-DFT and TD-DFT/
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water as obtained by TD-DFT/PMM and MD sampling.
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shows the relevant effect of the perturbation on the rota-

tion angle. As expected the [a] values obtained by PMM

calculations based on CASSCF (CASSCF/PMM) are

again not well converging, confirming the unperturbed

data (see Fig. 1). In Fig. 3, we present the unperturbed

and perturbed [a] spectra, using sixteen excited states,
for TD-DFT and TD-DFT/PMM, respectively (given

the previous results we omit CASSCF and CASSCF/

PMM data). From this figure, it is evident the relevant

effect of the solvent at virtually all the wavelength inves-

tigated, which is further evidenced by Fig. 4, where we

show the distribution of the specific rotation at a single

system configuration (at 589 nm), as obtained by the

MD trajectory.
3. Conclusions

In this Letter, we showed how to obtain ORD spectra

of a solvated molecule as a simple application of PMM

combined with molecular dynamics simulations. Results

for aqueous LL-alanine clearly showed the applicability of
the proposed procedure which, in principle, could be

used for any kind of quantum center once a reliable

set of unperturbed electric and magnetic moments are

available. However, a special care is required for the

choice of the number of excited states to be used in

Eq. (3) and for the ab initio method providing the

unperturbed electric and magnetic moments. The former

must guarantee a reasonable convergence and the latter
should provide reliable transition moments up to the

excitations needed to achieve such a convergence. For

the molecule investigated in this Letter, LL-alanine in its

zwitterionic form, the CASSCF procedure we used is

clearly unable to provide a reliable perturbed or unper-

turbed ORD, probably because of its active space limi-

tation (11 orbitals). TD-DFT on the other hand, seems

to be a rather stable methodology providing reasonably
accurate unperturbed properties even when highly ex-

cited states are concerned as in the present case where

high energy excitations are necessary to obtain conver-

gence of the specific rotation. These results suggest that

the proposed PMM method for ORD calculation may

open the way to the investigation of the optical activity

of solute molecules within a complex molecular

environment and, given the fast improvement of the
computational power, promises an atomic-molecular

interpretation of experimental optical activity data.
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