Optical rotatory dispersion of
methyloxirane in aqueous solution:
assessing the performance of density
functional theory in combination with a
fully polarizable QM/MM/PCM
approach

Franco Egidi,'? Ivan Carnimeo,® and Chiara Cappelli®*

1scuola Normale Superiore, Piazza dei Cavalieri, 7 1-56126 Pisa, Italy
2Dipartimento di Chimica e Chimica Industriale, Universita di Pisa, via Giuseppe Moruzzi, 3
1-56124 Pisa, Italy
3Compunet, Istituto Italiano di Tecnologia (11T), via Morego, 30 1-16163 Genova, Italy and
Scuola Normale Superiore, Piazza del Cavalieri, 7 1-56126 Pisa, Italy

*chiara.cappelli@unipi.it

Abstract: We report a study on the performance of a recently developed
fully polarizable QM/MM/PCM approach based on Fluctuating Charges
(FQ) combined with 11 different Density Functionals for the description
of the Optical Rotation at different wavelengths of (R)-Methyloxirane in
aqueous solution. The results are compared with those obtained for the
isolated system and for the solvated one as described by the Polarizable
Continuum Model. In all cases, a comparison with experimental data is
also shown. The results show that the effect of the solvent is much more
significant than the effect of the density functional.
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1. Introduction

In the last decades Quantum-Mechanical (QM) methods have been amply applied to the cal-
culation of chiroptical properties and spectroscopies [1-4]. The results that can nowadays be
achieved are so reliable and accurate that QM protocols have become a powerful methodol ogy
to assist experimentalists in the reliable determination of the molecular absolute configura-
tion[5, 6].

However, chiroptical properties and spectroscopies are usually measured for solutions or
pure liquids, and this should be taken into account in the computational modeling, because the
environment may affect not only the absolute value but especialy the sign of the chiroptical
response [5, 7]. The Optical Rotation (OR) of methyloxirane is awell known example of such
a behavior and has been so far amply studied [8-17]. In particular, both the Coupled Cluster
and Density Functional Theory (DFT) levels of theory have been employed and it has been
reported [15-19] that DFT (with the B3LY P functional) combined with the aug-cc-pVDZ basis
set gives electronic OR values comparable to Coupled Cluster Singles and Doubles (CCSD)
with extended basis sets [19] for an incident wavelength of 589 nm, though thisresult is likely
based on a cancellation of errors as Campos et a. [20] have shown that by increasing the size
of the basis set there is a decrease in the agreement between the experimental and calcul ated
OR using different DFT functionals.

However, both methods completely fail at describing the OR of methyloxirane in agueous
solution, even when coupled with implicit solvation models such as the Polarizable Continuum
Model (PCM) [21,22]. In fact, athorough study on solvent effects employing the PCM has been
recently performed by some of the present authors [8], demonstrating that continuum solvation
models can adequately describe solvent effects on OR when the dominating solvent contribu-
tion arises from bulk effects[8], whereas if specific solute-solvent interactions are present, they
are not able to correctly reproduce the observed sign of the property.

A quantitative agreement with experiments in agueous solution was however recently
achieved by some of us [23], by exploiting an integrated QM/MM/PCM model, named
QM/FQ/PCM, which combines a fluctuating charge (FQ) approach to the Molecular Mechan-
ics (MM) polarization with the PCM [24-27]. In this model, polarization effects are considered
by endowing each atom with a charge, which depends on the atomic electronegativity and
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hardness [24], and which is obtained by resorting to the electronegativity equalization princi-
ple [28-30]. Due to the development and implementation of analytical first and second deriva
tives [26], response equations to electric [25] and magnetic perturbations with GIAOs [27],
the QM/FQ/PCM model is currently able to describe chiroptical properties and spectroscopies,
which are formally mixed electric-magnetic phenomena.

An issue which is till open is a general assessment of the quality of the coupling between
the QM/FQ/PCM and DFT. Infact, as mentioned above, an exceptional agreement between cal-
culations and experimentsis achieved by exploiting the B3LY P and CAM-B3LY P functionals,
however the general performance of different functionals has never been tested. In addition, the
final OR which is predicted by this approach results from the average over alarge number of
snapshots extracted from Molecular Dynamics (MD) simulations [23]. We have found a really
large variation of OR values around the average for the different snapshots (consisting of afew
hundreds of solvent molecules), and it has not yet been assessed whether such a variation is
related to the chosen functionals and whether a different choice would have led to different av-
erage values. In this paper we will investigate these points, and in particular we will report the
results obtained by using 11 different functionalsranging from pure (B97D [31,32]), to different
classes of hybrid functionals (B3LY P [33], SOGGA11-X [34], PBEO [35], BHandHLY P [33],
MO06 [36], M06-2X [36], and mPW1PW91[37]), including also long-range (CAM-B3LYP[38],
LC-wPBE [39-41]) and dispersion corrections (wB97xD [42]). The current choice of function-
alsisalso supported by the resultsreported in Ref. [43], where different functional s were tested
for electronic transition energies.

The computational protocol which we will exploit follows the one successfully applied in
a previous paper [23]. In particular, we will not limit the analysis to purely electronic ef-
fects, but anharmonic vibrational contributions, whose effect has demonstrated to be substan-
tial [8,13-17], will be added to the electronic property computed at the equilibrium geometry.
Such corrections will account for solvent effects, by following the procedure aready tested by
some of us [8]. Since the motions of the solvent will be treated classically by means of MD
simulations, vibrational corrections will be assumed to be independent of the solvent configu-
rations and the MD simulation will be performed by freezing the (R)—methyloxirane geometry.

Therefore, the basic steps of the computational protocol are:

1. the geometry of (R)—-methyloxirane is optimized accounting for the effects of the aque-
ous environment by means of the PCM at the B3LY P/aug-cc-pVDZ level. Indeed, such
a combination of functional and basis set has been demonstrated to provide good ge-
ometries and vibrational properties for various isolated and solvated systems [44, 45].
Therefore, in order to avoid the inclusion of another parameter, which would complicate
the comparison, all the calculations at the QM/FQ/PCM level will be done with the same
geometry;

2. 2000 snapshots are extracted from an MD simulation performed by using a fixed methy-
loxirane geometry as obtained at step 1;

3. for each snapshot, a spherical cluster centered on the solute is cut and surrounded by a
spherical PCM cavity. Thus system is then used to calculate the OR at the QM/FQ/PCM
level;

4. the calculated OR is averaged over the snapshots and vibrational corrections calcul ated
at the B3LY P/aug-cc-pVDZ/PCM level are added to the average value, similarly to what
aready reported [8].

In the following discussion, the results obtained with the QM/FQ/PCM approach will be
compared to the corresponding QM calculation for the isolated system, the solvated one as
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described by means of PCM and with experimental ORD curves [46].

2. Computational details

All the calculations were performed by using the aug-cc-pVDZ basis set [47], to keep our
resultsin line with previously reported theoretical investigations. Notice that basis sets specifi-
cally optimized for the calculation of the OR have been reported [48-50].

Calculation in gas phase and with PCM were performed both by using the same geome-
try employed for the MD simulations [23] and by re-optimizing it at each level. PCM calcu-
lations were performed by exploiting the IEF-PCM implementation [51] with £ = 78.3553,
€. = 1.777849 and Gaussian09 [52] defaults for the cavity shape and sphere radii.

Anharmonic vibrational corrections were taken from a previous study [8].

A 25 ns MD simulation of (R)—methyloxirane in a pre-equilibrated box of 2175 SPC water
molecules was performed in the NPT ensemble using GROMACS [53-56]. The leapfrog inte-
grator was used with a 1 fstime step. All bonds were kept rigid using the settle algorithm [57]
for water; the geometry of the solute was kept rigid through all the simulation. For electrostatic
interactions, the Particle-Mesh Ewald summation method was used [58]. The pressure was held
at 1 bar using the weak-coupling scheme [59] with a coupling constant of 10 psand an isotherm
compressibility of 510~° bar—t. Each component of the system (i.e. methyloxirane and water)
was coupled separately to a temperature bath at 300 K, using the Berendsen thermostat [59],
with a coupling constant of 0.5 ps. The all-atoms OPLS-AA [60] force field was used for the
solute. The methyloxirane optimized geometry in water already used in Ref. [23] was used, and
kept fixed for the entire MD simulation.

2000 snapshots were extracted from the last 20 ns of the MD simulation (one snapshot every
10 ps). For each snapshot, a 12A sphere centered in the solute's geometrical center was cut.
A 1.5 A larger radius was used for the PCM spherical cavity. For each snapshot, the OR of
methyloxirane at different wavelengths was calculated with the QM/FQ/PCM model, using
the SPC FQ parameters given by Rick et a. [29] and the PCM for bulk water. All the DFT
calculations were done by using alocally modified version of the Gaussian09 package [52].

Al reported OR values are given in deg dm~1g—tcm?.

3. Numerical results

We start the discussion of the results by analyzing ORD curves of methyloxirane in gas phase.
This analysis is only intended to set a reference for the following discussion on the solvated
system: the performance of DFT with respect to more accurate QM methodologies, such as
Coupled Cluster approaches, for the calculation of the OR has aready studied in detail in
the literature [61]. Figure 1 shows ORD curves from 365 nm to 635 nm calculated by both
fixing the methyloxirane geometry to the one later used for the MD simulations (panel @) and
by re-optimizing it for each functiona (panel b). The former serves as a direct reference for
the data reported in the following discussion for the solvated system, in order to disentangle
the effects of the geometry and those of the environment. Experimental gas-phase OR values
measured by Vaccaro and coworkers [62] at 355 and 633 nm are also shown, as well as the
entire ORD curve for methyloxirane dissolved in water solution [46]. By comparing panels a
and b in Fig. 1, we note that the optimization of the geometry affects the OR absolute values,
however the overall behavior of the ORD curve is the same. Experimental values in aqueous
solution are always negative, whereas, judging from the two available data, gas phase values
go from positive to negative as the wavelength decreases. Our calculated data are in all cases
positive (with the exception of the B97D functional). More in detail, the increasing behavior
of the experimental curve is not correctly reproduced by the M06-2X, LC-wPBE, wB97xD,
BHandHLY P and SOGGA11-X functionals.
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Fig. 1. ORD of (R)-methyloxirane in gas phase as calculated by exploiting different func-
tionals and the aug-cc-pV DZ basis set. Top panel: fixed B3LY P/aug-cc-pVDZ/PCM geom-
etry; bottom panel: optimized geometry in vacuo with each functional . Experimental values
in gas phase [62] and the experimental ORD in agqueous solution [46] are also shown.
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A dlightly better performance is achieved by the other functionals, with B3LY P performing
somewhat better than the rest. B97D (the only pure functional on the list) gives a very good
prediction of the experimental value at 633 nm, and a correct sign for lower wavelengths, even
though the absolute value at 355 nm is largely overestimated. This apparently better perfor-
mance might however be due to the neglect of vibrational corrections which, for this system,
have been shown to be negative [63]. Another explanation may stem from the fact that B97D
gives the lowest first excitation energy among the tested functionals (data not shown), which
causes aredshift in the pole of the response function.

Calculated PCM values are reported in Fig. 2. The upper panel (@) shows the values com-
puted at the geometry later used for the MD simulation, the lower panel (b) shows the values
computed after a geometry optimization, with PCM, for each functional. It can be seen that,
in comparison with the gas phase values of Fig. 1, PCM generally lowers all curves, shifting
them in the right direction with respect to experimental data, and brings the concavity of all
curves downward. In either the fixed- or optimized-geometry plots, the sign of the OR is only
reproduced for some functionals and only for lower wavelengths, reiterating the fact that the
implicit description of the solute-solvent interaction is not adequate for the prediction of the OR
of methyloxirane in water, even though it has been shown to be appropriate in the case of other
solvents [63]. Moving to a more detailed analysis of the effects due to geometry optimization
(see Fig. 3), we note they are not uniform across al functionals: for instance the mPW1PW91l
and PBEO functionals are influenced much more heavily than the SOGGA11-X by the geometry
optimization. Four functionals (B3LYP, CAM-B3LYP. M06 and M06-2X) show a significant
positive change, two (PBEO and MPW1PW91) show asignificant negative effect, whereas very
small changes are noticed for the other hybrid functionals. B97D shows huge positive effects.

In Fig. 4 the difference between PCM and gas phase values, at respective equilibrium ge-
ometries are shown. Once again, B97D isvisibly off. In general, a uniform and negative effect
isnoticed, and in all cases the extent of solvent effectslargely overtakes those due to the choice
of adifferent geometry for each functiona (compare Fig. 3).

Finally, the values computed by exploiting the QM/FQ/PCM protocol are presented in Fig.
5. The upper panel (a) shows the electronic component of the OR, whereas the lower panel (b)
includes anharmonic vibrational corrections computed for each wavelength at the B3LY P/aug-
cc-pVDZ/PCM level of theory.

The extent of specific interaction is substantial, as it can be seen from the comparison with
PCM values (Fig. 6). The shift is always negative, and its amount is of the same order of PCM
calculated values. Thisfinally resultsin achange of sign, which brings the calculated FQ/PCM
values towards the experiment (see Fig. 5(a)). With the exception of LC-wPBE, M06-2X, M06,
and mPW1PW91, al other functionals achieve the correct sign of the OR at all wavelengths,
whereas the aforementioned four functionals for the highest wavelengths still yield positive
values, albeit very small. This qualitative picture does not significantly change upon addition
of the vibrational correction (Fig. 5(b)), which lowers all curves by higher amounts the lower
the wavelengths. At long wavelengths all functionals seem to overestimate the computed OR,
however it should be mentioned that older experimental measurements for the OR of methy-
loxirane in water at 589 nm gave a less negative value of -4.3 [64]. At shorter wavelengths all
functionals (with the exception of B97D) seem to cluster around the experimental value, with
significant variation, and the best agreement is achieved by the BHandHLY P and SOGGA11-X
functionals (Fig. 7). It should be mentioned that previous studies have shown that at low wave-
lengths the effect of the basis set is more significant, therefore the identification of the best
functional might change if amore complete basis set were employed [48].

As last comment, Fig. 8 shows the standard deviation of the purely electronic FQ/PCM OR
values at the different wavelengths across the 2000 snapshots. Note that since we are using the
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Fig. 2. ORD of (R)-methyloxirane in agueous solution as calculated by exploiting the
PCM and different functionals with the aug-cc-pVDZ basis set. (a): fixed B3LY P/aug-cc-
pVDZ/PCM geometry; (b): optimized geometry with each functional. The experimental
ORD curve taken from Ref. [46] is also shown.
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geometries.
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Fig. 5. ORD of (R)-methyloxirane in agueous solution as calculated by exploiting the
FQ/PCM approach and different functionals with the aug-cc-pVDZ basis set. (a): elec-
tronic contribution only; (b): vibrationally averaged values. The experimental ORD curve
taken from Ref. [46] is aso shown.
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methyloxirane in agueous solution across each snapshot.

samevibrational correctionsfor all functionals, the standard deviation would not be affected by
their introduction. The comparison with the values shown in Fig. 5(a) shows that, as previously
reported for B3LY P and CAM-B3LY P [23], the variation of the values around their average is
quite substantial. In particular, it ranges from 25 at 635 nm to 90 at 365 nm. This demonstrates
that the resorting to super-molecule approaches, which would imply the definition of clusters
composed of methyloxirane surrounded by few explicit water molecules, possibly immersed
in the PCM dielectric continuum, and treated quantum-mechanically, could be very inaccurate,
even though they have been successfully applied to model other properties and other systems
[65-69]. In fact, in our case this approach would lead to alimited ensemble of clusters, which
would very roughly represent the configurational freedom of water molecules around to the
target system. The resulting OR values would fall within a huge range of positive and negative
values, almost randomly, and the lack of any accurate averaging of solvent configurationswould
cause the final value to reproduce very roughly the experimenta findings. From our results it
also emerges that this huge variance of the OR values of the single snapshots leads to very
similar mean values for aimost all functionals. Although the value of the single snapshot can
be different for different functional, thisis not really relevant to the final value. The same could
not apply to supermolecule approaches.

In summary, the overall picture that emerges from these resultsisthat the effect of the solvent,
introduced by either PCM or, far more accurately, by exploiting the FQ/PCM scheme, is much
more significant than the effect of the functional itself, as seen from the similarities between
the ORD curves obtained with the ten different hybrid functionals considered in this work.

4. Summary and Conclusions

We have reported on the performance of 11 different Density Functionals, coupled either to
implicit PCM or mixed implicit-explicit QM/FQ/PCM approaches, to model the ORD of (R)-
methyloxirane in agueous solution. Our results confirm the inadequacy of implicit solvation
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approaches to this property for this system, of which the sign is incorrectly reproduced by
the PCM. The data obtained by including specific solute-solvent effects in the computational
approach via the QM/FQ/PCM model confirm what was already shown by some of us [23],
i.e. that such effects play a major role in the determination of the final property. The overall
picture that emergesiis that the effect of the solvent is much more significant than the effect of
the functional. In fact all the chosen hybrid functionals give a reasonably good agreement with
experiments, especialy at lower wavelengths, if vibrational corrections are included. Also, a
careful averaging over a large number of different solvent configurations around the solute is
needed to achieve an accurate reproduction of the experimental results.

Acknowledgments

CC acknowledges support from the Italian MIUR PRIN 2012 NB3KLK_002 and FIRB 2010-
Futuro in Ricerca: protocollo: RBFR10Y5VW. The high performance computing facilities of
the DREAMS center (http://dreamshpc.sns.it) are acknowledged for providing computer re-
sources. The support of COST CMTS-Action CM 1002 Convergent Distributed Environment
for Computational Spectroscopy (CoDECS) isalso acknowledged. | C acknowledges Compunet
of IIT for financia support.

#225483 - $15.00 USD  Received 27 Oct 2014; revised 28 Nov 2014; accepted 28 Nov 2014; published 23 Dec 2014
(C) 2014 OSA 1 Jan 2015 | Vol. 5, No. 1 | DOI:10.1364/OME.5.000196 | OPTICAL MATERIALS EXPRESS 209





