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ABSTRACT

Accurate computational estimates of fundamental physical properties can be used as input in the
myriad extant models employed to predict toxicity, transport, and fate of contaminants.
However, as molecular complexity of contaminants increases, it becomes increasingly difficult
to determine the magnitude of the errors introduced by ignoring the 3D conformational space
averaging within group-additivity and semi-empirical approaches. The importance of considering
3D molecular structure is exemplified for the dipole moments of cis and trans isomers of (4-
methylcyclohexyl)methanol (4-MCHM). When 10,000 gallons of 4-MCHM was spilled into the
Elk River in January 2014, a lack of toxicological data and environmental partitioning
coefficients hindered the immediate protection of human health and the local water supply in
West Virginia, USA. Post-spill analysis of the contaminants suggested that the cis and trans
isomers had observably different partitioning coefficients and solubility, and thus differing
environmental fates. Obtaining high-quality dipole moments using ab initio quantum chemical
methods for the isomeric pair was crucial in validating their experimental differences in
solubility [Environ. Sci. Technol. Lett., 2, 127 (2015)]. The use of first principles electronic
structure theory is further explored here to obtain accurate conformer relative energies and dipole
moments of cis- and trans-4-MCHM. Overall, the MP2 aug-cc-pVDZ level of theory affords the
best balance between accuracy and computational cost.
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1. Introduction

First-responders on the scene of an environmental or industrial disaster must quickly assess
the presence of chemical, biological, or nuclear hazards and then begin the process of identifying
the hazards. This process must occur while the first-responders are simultaneously protecting
their own health and safety, attempting to minimize or prevent casualty to property and
population, and preparing for decontamination.! The appropriate first-response is predicated on
the availability of information about the contaminants. Yet comprehensive data regarding the
toxicity and environmental fate and transport of many substances does not exist, and
experimental determination of relevant properties is not feasible in a time-sensitive first-response
situation. With more than 83,000 entities in the Toxic Substances Control Act (TSCA) Chemical
Substance Inventory, there exist many compounds with little to no information on their
molecular properties publicly or privately available.” This situation was highlighted by the
January 2014 Elk River chemical spill in West Virginia, during which in excess of 10,000
gallons of a mixture of coal-washing chemicals were allowed to enter the Elk River, which
serves as the source water of the largest domestic water system in the state, leaving over 300,000

residents without safe, clean water for drinking, bathing, or cooking for many days and weeks.>*
5

The main contaminant of the 2014 Elk River spill, (4-methylcyclohexyl)methanol (or 4-
MCHM) was patented twenty-five years ago for use in cleaning and purifying coal,” though the
synthesis of 4-MCHM was introduced in the literature over a century ago.8 Despite the
compound’s long history, little information was available regarding its physicochemical
properties. In part, this is because crude 4-MCHM was grandfathered under the TSCA and
regulatory reporting requirements did not apply. This scarcity of publicly available information
led to much fear and confusion on the part of the public, and highlighted the need for rapid, on-
demand methods for obtaining chemical information about properties of emerging contaminants

in the environment and water supply. It was surprising to the analytical teams involved in the
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“second response” to discover that two isomers of 4-MCHM exist in an approximately 2

(trans):1 (cis) ratio in crude MCHM from the manufacturer,” and that the two isomers have

1% 11t js thus expected that the

12-15

rather different water solubilities, air odors, and odor thresholds.

two isomers of 4-MCHM also differ in their environmental fates and transport.

It is clear that for many substances, especially those compounds used only for
industrial purposes, gathering molecular property data via thorough experimental/analytical
means once the crisis has become public knowledge may not be expedient. Concerns about
proprietary information can muddle the situation further, e.g. trade secret additives to fossil fuels,
fracking propant mixtures, etc. Beyond the classic “chemical spill”, there are other conceivable
situations where quick and reliable predictions of physicochemical molecular property data will
be essential to protecting humanity and the environment. Due to time constraints during
environmental incident response, various molecular properties are currently determined using
quantitative structure-property relationships, or more simply estimated with atom/fragment group
contribution methods. These methods are often heavily parameterized, and details of the
calibration with expected levels of statistical accuracy and precision can be unclear, especially
for proprietary or commercial packages. In emergency situations where quantitatively rigorous
data must be obtained, it is unsettling that the validity of these models can be difficult to assess.
However, tools such as the Estimation Programs Interface Suite (EPI Suite™), constructed and
peer-reviewed by the US Environmental Protection Agency (EPA), can provide valuable
assessments of immediate toxicological impact, as well as estimations of long-term atmospheric
or environmental fate and transport. Detailed information about the benchmarking of the EPI
Suite™ modules and comparison to other packages is available in both the published EPA
Science Advisory Board final review,’ as well as within the “help menu” of the software package
itself. One glaring deficiency of EPI Suite™ (which is by no means unique to this package)
presented itself in the aftermath of the Elk River chemical spill: it is only able to consider two-

dimensional structure of contaminants.

Ab initio computational chemistry accounting for electron correlation is the most accurate
and systematically improvable methodology for determining molecular structure and properties,
and three-dimensional conformational structure is explicitly treated with quantum chemical

techniques. However, the non-linear scaling [typically O(N°) and higher], the hefty memory and
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disk space requirements, and the multi-layered approximations necessary to incorporate bulk or
solvated corrections typically prevent density functional theory (DFT) or the more
expensive/accurate coupled cluster theory from becoming a reasonable go-to tool in a time-
critical contamination disaster. However, as part of the “second response” team, quantum
chemistry results were extremely useful for understanding the environmental transport properties
of trans and cis 4-MCHM. We previously reported our “best” results for the dipole moments and
relative conformational energies of frans-4-MCHM and cis-4-MCHM at the MP2(all electron)
aug-cc-pwCVDZ level of theory, which validated observed trends in aqueous solubility and
carbon loading." In that work, it was found that the rans isomer was less soluble in water and
was better sorbed to activated carbon than the cis isomer, which was also consistent with the cis
isomer having a lower octanol-water partitioning coefficient (Kow). These trends were supported
by the cis isomer having a higher computed dipole moment than the trans isomer, as general
physicochemical trends would predict: species with larger electric dipole moments are generally
more soluble in polar media. In this contribution, we will further explore the dipole moment
differences and identity of the lowest energy conformers between frans-4-MCHM and cis-4-
MCHM and show that the data have a subtle and unexpected methodological dependence. These
results will lead to further calibration of the properties of cyclohexane derivatives and will
eventually lead to refinement of macro-environmental fate and transport models. Most
importantly, we explore herein the need to consider three-dimensional conformational averaging

when attempting to predict physical properties.
II. Methods
Stochastic conformational search and energy cutoff criteria

Initial conformations of trans- and cis-4-MCHM were obtained via the stochastic search
program in the MOE 2013.08 software package.'® The stochastic search algorithm in MOE,
based on the Random Incremental Pulse Search,'’ generates structures by perturbing rotatable
bonds of the initial system then performing a geometry relaxation. By default, the energy
minimization technique in MOE utilizes the MMFF94x force field and incorporates a distance-
dependent solvation effect with a dielectric constant of 80 for the “exterior” or solvent-exposed
parts of the system. Conformers with relative energies higher than 7.0 kcal mol™ from the lowest

energy conformer are discarded.
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To our knowledge, there has been very little calibration of stochastic conformational
searches in the context of thermochemistry and spectroscopic properties. A previous calibration
of the MOE stochastic conformational search in the context of small molecule drug discovery
has provided some general guidelines for improving the reproduction of bioactive conformers.'®
These improvements included incorporating the generalized Born solvation model and increasing
the “energy window” from 7 kcal mol™ to 15 kcal mol™, where a geometry-optimized conformer
is thrown out if its MMFF94x energy is larger than the energy cutoff. For the test case reported
here, we observed that both the Born and default implicit solvation models in MOE found the
identical set of conformers with the same degeneracies. Relative energies of conformers with the
two solvation models were also qualitatively similar. Thus, only results with the default distance-
dependent solvation model are reported. It is also understood that bioactive conformations of
potential therapeutics can have significantly different structure and can be much higher in energy
than those that are found in a room temperature solution phase ensemble, hence the necessity to
increase the energy window for greater accuracy in Ref. 18. In their continuing computational
study of enzyme mechanisms related to glycolysis, Rovira and coauthors have provided many
elegant examples of sugar inhibitors where boat and twist-boat conformations play an important
role."”? For the case of MCHM, the higher-energy twist-boat conformers will contribute
negligible weight to the Boltzmann distribution. For example, at our recommended level of
theory (vida infra), all twist-boat conformers have a relative free energy of 5.9 kcal mol™ or
greater compared to the lowest energy conformer. The dipole moments of the twist-boat
conformers will contribute less than 0.0007% to the total Boltzmann weighting. However, it is
likely (but not confirmed for a variety of molecules) that the default energy window of 7 kcal
mol™ for saved unique conformers in the MOE stochastic search is reasonable; therefore, we

employ this cutoff in our methods.
Considerations for conformational searching and conformational acceptance criteria

While knowledge of all conformers, even those at poorly-experimentally-accessible high
energies, are useful for comprehensive understanding of the system, it is more crucial that in our
utilization of a stochastic conformational search algorithm that all low-energy cis and trans
conformers are located in a single search. In order to reliably identify all unique conformers for

4-MCHM, the other contaminants identified in the Freedom Industries chemical spill, as well as
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a larger calibration set of cyclohexane and benzene derivatives with experimentally known
dipole moments, two non-default options needed to be used. The first non-default option is to
allow hydrogen atoms to be included in the RMSD calculation for detecting duplicates within the
search. For example, the two conformers of frans-4-MCHM shown in Figure 1 have a nearly
degenerate energy, but the difference in their dipole moment is 0.23 Debye. The only structural
difference in these two conformers is the orientation of their hydroxyl protons. With a RMSD of
only 0.023 A for the 9 heavy atoms (versus a RMSD of 1.091 A for all atoms), one of these two
conformers would be discarded with the default settings of the MOE stochastic search. The
impact of missing or neglecting any low-energy 4-MCHM conformers is surprisingly profound,
and will be discussed below. When H-atom positions are factored into the RMSD of the
stochastic search, the number of unique 4-MCHM conformers located went from 14 to 31. The
second non-default option is to turn off the “rejection limit”, where the entire stochastic search
terminates if (by default) 100 perturbations of the guess structure fail to find a unique conformer.
Surprisingly, this search expands the number of unique conformers to 42 and captures two low-
lying cis conformers that were missing from our previous examination' of the 4-MCHM dipole
moment. From these 42 conformers, many were found to be doubly-degenerate due to symmetry
of the various methyl and hydroxyl rotamers. As previously mentioned, in the computation of
ensemble-averaged dipole moments, all frans and cis twist-boat conformations were discarded.

Overall, nine unique trans conformers and nine unique cis conformers were obtained.

Lastly, it is not given that all conformers will be located in a particular stochastic search.
However, we are confident that in this case study the complete set of low-energy unique
conformers has been located due to multiple runs of the stochastic search when varying and
testing the conformational search options and carefully inspecting the results. In a situation
where a time-critical response is necessary, there is no guarantee that our recommendations will
provide a definitively robust stochastic conformational search. Also, it is possible that the
complete potential energy surface of 4-MCHM at the MMFF94x level of theory possesses local
minima (unique conformers) that do not exist at higher levels of theory. In such a case, geometry
optimizations at the higher levels of theory will collapse to non-unique conformers. Inclusion of
non-unique conformers could cause double-counting of degeneracies in the calculation of the
Boltzmann weighting if unnoticed. Similarly, if new local minima exist on the complete potential

energy surface of the more sophisticated levels of theory but do not exist at the MMFF94x level

6
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of theory, then these conformers may be entirely missed from the analysis. These issues are all
important with regards to technically rigorous exploration and inclusion of the entire molecular
conformational space; however, within the context of a mission-critical determination of
physicochemical property estimates for disaster response applications, missing or double-
counting a few conformations within an otherwise robust ensemble is likely to have minimal
overall impact. It should be noted that in all reported computations, we have performed geometry
optimizations of higher levels of theory from the same starting geometries — the optimized
MMFF94x geometries of each unique conformer. While we believe this approach is sufficient to
greatly improve upon extant estimation methods for time-critical situations, clearly there is much

interesting further calibration to be performed.
Computational methodology for energies and dipole moments

All computations were performed using the Gaussian09 software package.” The unique
conformations generated from MOE via MMFF94x and the distance-dependent dielectric
solvation model were further optimized in both the gas phase and via implicit solvation with

standard aqueous cavity parameters of the SMD model.**

Equilibrium geometries and harmonic
vibrational frequencies were obtained using semiempirical methods such as AM1, PM3, and
PM6, DFT with the hybrid B3LYP functional,zs’ % and ab initio methods such as MP2 and
coupled cluster with single and double excitations (CCSD). The small “Pople-style” 6-31G(d")
basis set’”*® was used with B3LYP, MP2, and CCSD. For all MP2 computations, the double-zeta
and triple-zeta correlation consistent basis sets were used (cc-pVDZ and cc-pVTZ). Further MP2
computations were then performed with larger correlation consistent basis sets systematically
augmented to incorporate diffuse functions (aug-cc-pVDZ, d-aug-cc-pVDZ, aug-cc-pVTZ) and
tight core functions (cc-pwCVDZ, aug-cc-pwCVDZ, d-aug-cc-pwCVDZ). The aug-cc-pwCVDZ
basis set was also used with B3LYP for comparison. Spherical harmonic d functions were used
throughout; i.e., there are five angular basis functions per d function. The Hessian of the energy
was computed at all stationary points to confirm that they were a minimum on the potential
energy surface. Zero-point energies (ZPE) and thermal enthalpy/free energy corrections were
computed at 1 atm and 298.15 K.

To obtain conformational ensemble-averaged dipole moments reported throughout the

text, we take the Boltzmann-average over the individual conformer-specific dipole moment
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values. For each isomer having m conformers, the fractional abundance of individual conformer
F; 1s based on the free energy difference between conformer, j, and the most stable conformer for
that isomer, AG; , and is expressed as
AG;
w; exp(— ﬁ)

ot oenp (= 77)

where we have set 7 = 298.15 K, k is the Boltzmann constant, and @; is the degeneracy of
conformer i. The final conformationally Boltzmann-averaged dipole moment, ux, is then
calculated by taking the sum of the dipole moments of the individual conformers, x;, weighted by

their fractional abundance.

m
n= Z Fip;
i=1

The importance of conformational averaging in computational chemistry has been shown in
some recent case studies.”’” Also, some investigations of cyclohexane and cyclohexane

derivatives exist that employed high-quality levels of electronic structure theory.*®>’

111. Results and Discussion

For the eighteen unique conformers of 4-MCHM (9 trans and 9 cis), the numbering
scheme (which is different than the one presented in Ref. 13 and is now enumerated via the
trans/cis energy ordering given from the MOE MMFF94x values rather than using the indexing
from the conformational search) is given in Table 1 along with relative energies from the
MMFF94x force field and a list of the 1,4 substituent orientations on the cyclohexane ring, and
the degeneracy (@; in the above equation) of each conformer. 3D structures of trans and cis 4-
MCHM conformers and Cartesian coordinates at all computed levels of theory are given in the

Supporting Material.

Identification of global minima conformers requires explicit consideration of hydroxyl

rotamers

Trans isomer. One might easily envision the lowest energy trans conformer of 4-MCHM to have

Cs point group symmetry with the oxygen atom in the plane of C1, C4, and the 4-methyl

8
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substituent, shown in Scheme 1 (labeled as t3). On the contrary, this is not the lowest energy
conformer when using any methodology tested in this investigation. In the gas phase, the oxygen
has increased stability when it is rotated out of the plane of the C1, C4, and the 4-methyl
substituent. At the AM1, PM3, and PM6 levels of theory, the hydroxyl atom is pointed “inward”
towards the ring (t4). With B3LYP, MP2 and CCSD and the 6-31G(d') basis sets, the lowest
energy conformer found has its hydroxyl hydrogen oriented “downward” in the same direction as
the axial C1 hydrogen (t2). With more sophisticated levels of theory, the lowest energy trans
conformer has its hydroxyl hydrogen pointed “outwards” (t1).
H
o—"

H;C |

C'I[I/H

H H
t3 - Symmetric form
Not the lowest-energy frans conformer

H H
H
H H
H HsC | HsC |
HaC | Cuny Cuny
Cnyy NWH N
N H 40 40
Y | 4
H H
t1 - lowest energy conformer w/  t2 - lowest energy conformer w/ t4 - lowest energy conformer w/
gas phase MP2 + large basis sets gas phase ab initio and small gas phase semiempirical methods
basis sets and all high-level methods when
SMD is included
Scheme 1.

The discrepancies between the identities of the trans global minimum rotamer are partially
overcome by incorporation of solvation effects. When implicit solvation is incorporated into the
computational model, there is more agreement between methodologies for the lowest energy
trans-4-MCHM conformer. Except for the AM1 and PM3 methods, where t2 is the most stable

conformer, all other levels of theory identify the t4 conformer as the lowest energy structure.

Cis isomer. The disagreement between methods is similar for the cis isomer, but solvation does
not seem to help settle the disagreement as much. In the gas phase, ¢10 is the lowest energy
conformer with the AM1 and PM6 methods, while ¢4 is the lowest energy conformer with PM3.

DFT and ab initio techniques with smaller basis sets identify ¢4 as the lowest energy conformer,
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while MP2 with basis sets augmented with diffuse functions identify cl as the lowest energy cis
conformer. In solution phase, semi-empirical methods predict ¢3, ¢8, or ¢9 to be the most stable
cis conformer. From DFT, the ¢3 conformer has the lowest in energy, while more robust ab initio
methods show that ¢4 is the lowest energy cis conformer (Scheme 2). Overall, the identity of the
lowest energy trans and cis conformers for each level of theory is given in Table 2, as well as the
free energy difference between the trans and cis conformers. These results provide evidence that
conformations involving hydroxyl rotamers are especially challenging for predictions of proper

energy ordering and should be carefully considered.

H
H. H H. H
\ ~ ~
CAO \CAO\
H
H H
HsC Hs;C
H H
¢l - lowest energy cis conformer c4 - lowest energy cis conformer in

in gas phase w/ high level methods solution phase w/ high level methods

Scheme 2.
Determination of the optimal level of theory

In the following sections, we examine the influence of computational method, basis sets, and
implicit solvation on the resulting predictions for thermal-averaged physicochemical properties.
The results of these investigations are summarized within Figures 2-5, and S1. Relative free
energies of trans and cis 4-MCHM conformers with respect to level of theory are presented
respectively in Figures 2 and 3 for gas phase computations and Figures 4 and 5 for solution
phase computations. Figure S1 is equivalent to Figure 2, but without MM and semi-empirical
levels of theory to show the influence of basis set in finer detail. As shown by the gas phase
relative free energies in Figures 2 and 3, there are a larger density of low-lying states in the
ensembles of cis-4-MCHM conformers. This is also borne out in Figures 4 and 5 which depict
the SMD relative free energies of the trans-4-MCHM and cis-4-MCHM conformers,
respectively. Various aspects of the computational method influence are described in the sections

below.

10
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Semi-empirical and MM methods

Gas-phase. From Figure 2, it is immediately evident that the semi-empirical methods (AM1,
PM3, and PM6) perform unreliably in both relative free energy and free energy ordering of the
four lowest-lying trans-4-MCHM conformers. The same is true for the cis isomer, with the semi-
empirical methods doing a poor job of reproducing the more accurate ab initio conformational
orderings. Surprisingly, the MMFF94x force field performs admirably well for both isomers

when compared to large basis set MP2 computations.

Solvated phase. Even though the MOE energy minimizer incorporates implicit solvation, it is
interesting that the most stable conformer predicted with MMFF94x (t1) is the lowest free
energy conformer in the gas phase, but not in solution phase. Rather, most of the ab initio
methods used in this study (vida infra) that incorporate diffuse basis functions show t4 to be the
most stable conformer. The PM6 SMD level of theory performs admirably well for the trans-4-
MCHM conformers, but provides quite unreliable energy differences and conformer orderings
for solution phase cis-4-MCHM. For the cis-4-MCHM isomer, the MMFF94x force field and the

other semi-empirical methods also show complete disagreement with large basis set MP2 results.
Influence of basis set size

Trans isomer. With small basis sets, B3LYP, MP2, and even CCSD computations show
qualitatively different relative free energies compared to the converging MP2 computations with
larger basis sets. The B3LYP results may initially seem to have a non-systematic relationship to
basis set size. At the B3LYP aug-cc-pwCVDZ level of theory, the conformers have the same free
energy ordering, and only the free energy difference between t3 and t1 (AAG = 0.25 kcal mol™)
is more than 0.05 kcal mol™ from the MP2 aug-cc-pwCVDZ free energies. Shifts in relative free
energies are not substantially altered by upgrading MP2 computations from the aug-cc-pVDZ
basis sets to the aug-cc-pVTZ basis sets. The relative free energies for t2, t4, and t3 change by -
0.03, +0.01, and +0.06 kcal mol™, respectively compared to t1.

Cis isomer. Unfortunately, for the cis-4-MCHM conformers, B3LYP aug-cc-pwCVDZ
relative free energies show no resemblance to the MP2 aug-cc-pwCVDZ relative free energies.
There is again no qualitative difference between the MP2 aug-cc-pVDZ and MP2 aug-cc-pVTZ

results, as conformer ordering differences in the tight cluster of ¢5, ¢9, ¢3, and ¢8 will not have a

11
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severe impact on the overall cis dipole moment. For all trans and cis conformations of 4-
MCHM, the range of relative free energy shifts from MP2 aug-cc-pVDZ to MP2 aug-cc-pVTZ
averages -0.03 kcal mol™. Introduction of solvation seems to aid the DFT method somewhat, as
the B3LYP aug-cc-pwCVDZ level of theory gives a qualitatively correct state ordering, but
conformers are destabilized compared to the lowest energy trans-4-MCHM conformers, by more
than 0.2 kcal mol™ in a few cases. In light of the poor performance of B3LYP for the cis isomer,

MP2 with a modest basis set affords the best speed and accuracy.
Inclusion of diffuse functions

The improved reliability of B3LYP aug-cc-pwCVDZ compared to the B3LYP cc-pVTZ
computations is due to the importance of including diffuse basis functions in dipole moment
calculations. However, there is a noticeable difference in relative free energies and orderings
when a second set of diffuse basis functions are added to the computation with the valence MP2
d-aug-cc-pVDZ and d-aug-cc-pwCVDZ estimates. The t3 conformer is stabilized with the
additional d-aug functions and becomes the second or third lowest-energy trans-conformer.
Despite the change in free energy ordering, the additional d-aug basis functions will not have a

quantitatively important effect on the conformationally-averaged dipole moments (vida infra).

Relative gas phase free energies of trans-4-MCHM conformers only really begin to converge
with the inclusion of diffuse basis functions. Without augmented diffuse functions, MP2 and
CCSD provide fluctuating state orderings and relative free energies. Though the free energy of t2
is 0.05 kcal mol' lower than t1 at the MP2 aug-cc-pVDZ level of theory, they become
isoenergetic when d-aug basis functions are added. The relative free energies of conformers may
be more susceptible to 1-electron basis set effects when implicit solvation is included. However,
MP2 aug-cc-pVDZ still shows the best balance in reliability versus needed computational
resources and time. When diffuse basis functions are added to the MP2 computations, the c4
conformer is the lowest in free energy. Except for the high-energy ¢5 conformer, the MP2 aug-
cc-pVDZ relative free energies are typically within 0.07 kcal mol™ of the MP2 d-aug-cc-pVDZ
values. Diffuse basis functions are necessary to predict ¢l as the most stable conformer. The
addition of d-aug basis functions stabilizes the relative free energies of €5 by 0.11 kcal mol™,

while slightly destabilizing relative free energies of ¢3, ¢8, and c6.

12
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Influence of core correlation

There is no significant change between the valence MP2 aug-cc-pVDZ and aug-cc-pwCVDZ
results. This is seen to be generally true over both isomers and in the gas and solvated phases.
The effect of core correlation remains insignificant for these systems when the larger, augmented

basis sets are employed.
Influence of conformational averaging on the resulting dipole moment

Gas-phase. Boltzmann-averaged gas phase dipole moments are reported in Figure 6. In the
gas phase, the frans and cis isomers are computed to have a nearly identical dipole moment at
almost all reliable levels of theory. Using MP2 aug-cc-pVDZ, the trans dipole moment is
computed to be 1.6226 D, with the cis dipole moment only 0.0014 D lower (1.6202 D). Compare
these equivalent dipole moments with the dipole moment of the lowest free energy conformers
for trans-4-MCHM and cis-4-MCHM in Figure 6. At the MP2 aug-cc-pVDZ level of theory, the
tl dipole moment is significantly lower (1.4737 D), and the ¢1 dipole moment is lower still
(1.3479 D). Using the dipole moment of the lowest energy conformers to make statements on
relative isomeric solubility would be extremely dangerous when making the assumption that a C;
symmetric form of each isomer (t3 or t9; ¢5 and ¢7) would be the most stable conformer. One
would have an equal probability of getting the right answer for the wrong reason, or the wrong
answer for the wrong reason. The t3 and t9 dipole moments agree to within 0.0001 D, and are
within 0.023 D of the Boltzmann-averaged value. However, the ¢5 and ¢7 dipole moments
(1.4492 and 1.7222 D, respectively) bracket the Boltzmann-averaged cis-4-MCHM value of
1.6202 D by an uncomfortably wide margin.

Solvation phase. In terms of solubility trends, the solution phase Boltzmann-averaged dipole
moments are better behaved (Figure 7). There tends to be a larger gap between the frans and cis
dipole moments, as well as a less pronounced methodological dependence on the relative values.
At the MP2 SMD aug-cc-pVDZ level of theory, the conformationally averaged trans-4-MCHM
dipole moment is 2.4475 D, and the conformationally averaged cis-4-MCHM dipole moment is
2.4834 D. This absolute difference of 0.0358 D is a more comfortable separation than is
observed in the gas phase computations, considering the overall level of accuracy of our electron

correlation treatment.
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Selection of the optimal method

Overall, the discussion in the previous sections drives the ultimate selection of the MP2 aug-
cc-pVDZ method at the optimal method that balances accuracy and computational resources.
Computation of MP2 aug-cc-pVDZ equilibrium geometry, harmonic vibrational frequencies, and
dipole moment for a conformer of 4-MCHM required about 10 hours of wall time per conformer
versus more than 500 hours of wall time per conformer at the MP2 aug-cc-pVTZ level of theory.
This clearly makes application of larger basis set MP2 computations useless for rapidly
determining the properties of emerging organic contaminants. Luckily, we observe little
quantitative difference in results between the double zeta and triplet zeta basis sets. As

mentioned, augmentation with diffuse functions greatly improves the results.

Other observations can be made that may hint at more improved ab initio methods providing
improved accuracy, but these all would be more costly; for instance, it is observed that the CCSD
SMD 6-31G(d") computations slightly increase the relative free-energy and dipole moment gaps
between the isomers compared to MP2 theory. However, calibration of more sophisticated
methodology beyond what has been tested here is currently intractable, and goes against the
overarching goal of this investigation — to find an efficient ab initio methodology that can

provide reliable dipole moments for organic contaminants.

At the optimal MP2 aug-cc-pVDZ level of theory with SMD solvation, we find the lowest-
energy trans-4-MCHM conformer (t4) to be the overall global minimum, with the lowest-energy
cis-4-MCHM conformer (c¢4) having a free-energy difference of 1.69 kcal mol”. Boltzmann-
averaged solution phase dipole moments indicate the averaged cis-4-MCHM dipole moment
(2.4834 D) to be slightly larger than the averaged trans-4-MCHM dipole moment (2.4475 D),
which is consistent with experimental observations. While predictions at this level of theory in
the gas phase indicate the same free-energy difference between the isomers, different conformers
are identified as the minima, relative energetic ordering among the conformers is different, and
the dipole moment trends are reversed. This reiterates the need for inclusion of solvation effects

when using properties to predict aqueous phenomena.

Consideration of composite method alternatives
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As an alternative to selecting a single “best” method, simple composite methods may allow a
way to achieve the accuracy of more sophisticated methods at a decreased computational cost.*
As such, we have explored the conformationally averaged dipole moments of 4-MCHM were
explored with simple composite methods. First, energies and dipole moments were computed
using MP2 aug-cc-pwCVDZ single points (with all electrons correlated) at the MP2 cc-pwCVDZ
optimized geometries (with only valence electrons correlated), denoted in “Pople notation” as
MP2 (all electron) aug-cc-pwCVDZ//MP2 (valence) cc-pwCVDZ and in the Tables/Figures as
CML1. These results were compared to MP2 (all electron) aug-cc-pwCVDZ//MP2 (valence) aug-
cc-pVDZ (CM2). Lastly, an electronic energy and dipole moment correction for each conformer
from CCSD 6-31G(d'") versus MP2 6-31G(d') was computed as an additive correction [A(CCSD)]
to the MP2 aug-cc-pVDZ results,

AE,(CCSD) = E,[CCSD 6-31G(d")] - E,[MP2 6-31G(d")]
Au(CCSD) = u[CCSD 6-31G(d")] - u[MP2 6-31G(d")] .

Tables S1 and 3 respectively show the relative energies and computed 4-MCHM dipole
moments, along with Boltzmann-averaged #rans and cis dipole moments using these composite
methods. Quantitatively, there is very little change in dipole moments and relative free energies
between MP2 aug-cc-pVDZ and MP2(all electron) aug-cc-pwCVDZ. Between the two
methodologies with implicit solvation, the standard deviation in the free energy differences is
only 0.014 kcal mol™ and the standard deviation in dipole moments is only 0.0008 D. Conformer
free energy differences between MP2(all electron) aug-cc-pwCVDZ and CM2 are less than
0.001 kcal mol™ in every case. However, dipole moments are overestimated slightly, with a
mean signed deviation between the two methods of +0.0019 D. In terms of computing efficient
and accurate dipole moments and relative energies, MP2 aug-cc-pVDZ seems to afford the best
balance. Unfortunately, results obtained using CM1 are in far worse agreement with both MP2
aug-cc-pVDZ and MP2 (all electron) aug-cc-pwCVDZ levels of theory. In the gas phase with
CM1 there is a systematic overstabilization of conformers t6, t8, ¢8, and ¢9. On the contrary in
the solution phase, all relative energies compared to the lowest energy conformer (t4) are higher.
The Boltzmann-averaged solution phase CM1 dipole moments also disagree with MP2 aug-cc-

pVDZ by predicting a larger trans dipole moment. Inclusion of diffuse functions in the geometry
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optimization process is crucial to obtain accurate dipole moments. MP2 aug-cc-pVDZ
computations with a small basis set CCSD additive correction provide consistent results to both
MP2 aug-cc-pVDZ and MP2(all electronic) aug-cc-pwCVDZ methods. While the A(CCSD)
additive correction likely provides improved results for relative energies and dipole moments, in
the case of 4-MCHM there is no new insight gained by including A(CCSD). The prohibitive
scaling of CCSD will render larger molecules intractable for most practicing computational
chemists and is not recommended when computing dipole moments of conformationally flexible
molecules containing 20+ atoms. In the end, the MP2 aug-cc-pVDZ level of theory seems to

remain the superior method at balancing accuracy and time cost.
IV.  Implications and Concluding Remarks

Molecular properties are frequently used in computational models of environmental fate
and transport. However, often the values for molecular parameters are obtained via group
additivity or semi-empirical methods. Rarely do these models account for 3D structure or explicit
conformational averaging. Specifically in the case of the Elk River chemical spill, the dipole
moments and molecular volumes of (4-methylcyclohexyl)methanol (4-MCHM) and other
contaminants were used in engineering models to predict aqueous solubility.'® The trans and cis
isomers of the 4-MCHM mixture in that spill incident were not in thermal equilibrium at ambient
temperatures along the pathways of environmental fate. Therefore, the conformational averaging

of properties for each isomer must be determined separately.

The difference in computed trans-/cis-4-MCHM dipole moments is quite small, but the
isomeric trend in GC retention time (cis > trans), carbon sorption behavior (cis < trans), and

9,13, 14 -
> " In a previous study, our

aqueous solubility (cis > trans) is experimentally observable.
laboratories used the computed solution-phase dipole moments (cis > trans) to validate the
experimental trend in the aqueous solubility of 4-MCHM via first principles electronic structure
theory."> While factors beyond simple polar arguments contribute to the solubility, a species’
dipole moment proves again to be a useful predictor of its aqueous behavior.*' Stochastic
conformational searching seems to offer a route to generate initial structures for a thorough
evaluation of 3D molecular flexibility. However, users must beware of default software options

typically employed in the context of small molecule drug discovery versus high-accuracy

16
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computation of molecular properties. The Boltzmann-averaged dipole moment of trans-4-
MCHM is only 0.039 D smaller than that of cis-4-MCHM at the MP2(all electron) aug-cc-
pwCVDZ level of theory, when incorporating implicit solvation effects with SMD. In the current
study, the conformationally averaged dipole moments of 4-MCHM have been further calibrated
using a variety of electronic structure theory, including ab initio computations with larger basis
sets than aug-cc-pwCVDZ and more robust treatments of electron correlation. Unfortunately,
semi-empirical methods and DFT in isomeric dipole moments of 4-MCHM. Interestingly, it has
been found that more efficient methodologies offer comparable results to the MP2(all electron)
aug-cc-pwCVDZ level of theory, with valence MP2 aug-cc-pVDZ computations providing an
appropriate balance between rigor and computational tractability. Leveraging supercomputer
capabilities, reliable dipole moments for molecules with up to 30 atoms and reasonable

conformational flexibility can be obtained on the time scale of a few hours to a few days.

This case study also highlights the need for careful and critical evaluation of
computational predictions, even in the face of a developing disaster. Gas-phase estimates of the
MCHM isomer dipole moments would predict reversed trends for the two isomers’
environmental behavior (i.e. solubility, partitioning, etc.) Practitioners are cautioned against
using gas phase property predictions when the computations will be used to inform solution
phase transport properties. The subtleties of obtaining accurate molecular properties in a rapid,
time-sensitive manner require further development before a true “turn-key” solution can be
provided for first responders. In the meantime, these studies bolster the sentiment for increasing
scientific support within, or parallel to, the incident command structure in responding to
chemical spills. As quantum chemistry packages are developed to fully utilize the rapid growth
of parallel computing and GPU technologies, the type of computational predictions described
herein will become even more attractive and useful to provide rigorous first-principles

predictions of molecular properties in time-sensitive situations.
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Figure 1. 3D structures of trans-4-MCHM conformers (t1 on left, t4 on the right). At the MP2
aug-cc-pVDZ level of theory with SMD, the two conformers differ in energy by only 0.12 kcal

mol™, but their dipole moments differ by 0.23 Debye.
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Figure 2. Gas phase free energy differences (in kcal mol™) for frans-4-MCHM conformers.
Note that at almost every level of theory (with a few outliers observed with PM3 and PM6) the
t6, t7, t8, and t9 conformers have a relative free energy greater than 2.52 kcal mol™ and are not
shown. MMFF94x computations include implicit solvation within MOE and are shown for
comparison purposes.
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Figure 3. Gas phase free energy differences (in kcal mol™) for cis-4-MCHM conformers.
MMFF94x computations include implicit solvation within MOE and are shown for comparison
purposes.
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Figure 4. Solution phase (SMD solvation model) free energy differences (in kcal mol™) for
trans-4-MCHM conformers. Note that at almost every level of theory (with one outlier observed
with PM3) the t6, t7, t8, and t9 conformers have a relative free energy greater than 2.73 kcal
mol™ and are not shown. MMFF94x computations include implicit solvation within MOE and
are shown for comparison purposes.
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Figure 5. Solution phase (SMD solvation model) free energy differences (in kcal mol™) for cis-
4-MCHM conformers. MMFF94x computations include implicit solvation within MOE and are
shown for comparison purposes.
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Figure 6. Gas phase dipole moments (in Debye) for trans-4-MCHM and cis-4-MCHM
conformers. Boltzmann averaged dipole moments for the isomers (solid lines) are compared to
the dipole moment belonging to the lowest-energy conformer (dashed line). The numbers
represent the dipole moment of the individual low-energy conformers (see Table 1, trans
conformers are given by black numbers for tn, and cis conformers are given by red numbers for
cn). Only lowest-energy conformers are shown.
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Figure 7. Solution phase (SMD solvation model) dipole moments (in Debye) for trans-4-
MCHM and cis-4-MCHM conformers. Boltzmann averaged dipole moments for the isomers
(solid lines) are compared to the dipole moment belonging to the lowest-energy conformer
(dashed line). The numbers represent the dipole moment of the individual low-energy
conformers (see Table 1, trans conformers are given by black numbers for tn, and cis
conformers are given by red numbers for cn). Only lowest-energy conformers are shown.
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Table 1. Conformer label scheme (see corresponding 3D structures in Figures S3 & S4)

Conformer Label from substituent orientation Degeneracy of
name Ref. 13 Isomer CH;OH / CH; conformer
t1 1 trans equatorial/equatorial 2

t2 3 trans equatorial/equatorial 2

t3 5 trans equatorial/equatorial 1

t4 6 trans equatorial/equatorial 2

t5 7 trans equatorial/equatorial 2

cl 9 cis axial/equatorial 2

c2 11 cis equatorial/axial 2

c3 13 cis equatorial/axial 2

c4 15 cis axial/equatorial 2

c5 16 cis equatorial/axial 1

c6 17 cis equatorial/axial 2

t6 19 trans axial/axial 2

t7 21 trans axial/axial 2

t8 22 trans axial/axial 2

c7 23 cis axial/equatorial 1

t9 24 trans axial/axial 1

c8 n/a cis equatorial/axial 2

c9 n/a cis axial/equatorial 2




Physical Chemistry Chemical Physics

Table 2. Isomeric free energy differences of lowest-energy conformer computed at each level of theory.

MMFF94x*
AMI1
PM3
PM6

B3LYP 6-31G(d")
B3LYP cc-pVTZ
B3LYP aug-cc-pwCVDZ

MP2 6-31G(d")

CCSD 6-31G(d")

MP2 cc-pVDZ

MP2 cc-pwCVDZ

MP2 cc-pVTZ

MP2 aug-cc-pVDZ
MP2 aug-cc-pwCVDZ
MP2 d-aug-cc-pVDZ
MP2 d-aug-cc-pwCVDZ

MP2(all electron) aug-cc-pwCVDZ

MP2 aug-cc-pVTZ

gas phase solution phase
lowest trans lowest cis lowest trans lowest cis
conformer conformer AG (kcal/mol) conformer conformer AG (kcal/mol)
t1 cl 1.33
t4 c9 1.60 2 c3 1.52
t4 c4 0.84 2 c8 0.65
t4 c9 0.42 t4 c9 1.11
2 c4 2.03 t4 c3 2.55
Q2 c4 2.15 t4 c3 2.48
t1 cl 2.21 t4 c4 1.87
2 c4 1.67 t4 c4 2.14
t2 cd 1.79° t4 cd 2.25°
2 c4 1.63 t4 c3 2.15
Q2 c4 1.63 t4 c3 2.10
t1 c4 1.66 t4 c4 1.82
t1 cl 1.69 t4 c4 1.69
t1 cl 1.67 t4 c4 1.65
t1 cl 1.64 t4 c4 1.57
t1 cl 1.63 t4 c4 1.58
t1 cl 1.66 t4 c4 1.62
tl cl 1.64

* MMFF94x computations include implicit solvation within MOE, are not corrected for thermal vibrational effects, and are shown for

comparison purposes only.

® Vibrational thermal energy/entropy corrections are from MP2 6-31G(d') computations.
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Table 3. Dipole moments (in Debye) for composite methods.

t1
t2
t3
t4
tS
t6
t7
t8
t9

cl
c2
c3
c4
c5
c6
c7
c8
c9

trans
cis
AW(trans-cis)

MP2 MP2 (all electron) MP2 MP2 (all electron)
aug-cc-pVDZ  aug-cc-pwCVDZ CM1 CM2 A(CCSD) aug-cc-pVDZ  aug-cc-pwCVDZ  CM1 CM2  A(CCSD;

(gas) (gas) (gas) (gas) (gas) (soln) (soln) (soln)  (soln) (soln)
1.4737 1.4727 1.4881 1.4742  1.5869 2.3353 2.3336 22995 2.3378 2.3467
1.6456 1.6459 1.6371 1.6487  1.7827 2.4608 2.4609 24152  2.4654 2.4232
1.4460 1.4451 1.4300 1.4459  1.5341 2.2368 2.2348 22150 2.2392 2.2267
1.8821 1.8821 1.8040 1.8855  2.0269 2.5667 2.5671 2.5003 2.5711 2.5434
1.6195 1.6195 1.5975 1.6220  1.7580 2.4234 2.4232 2.3933 24274 2.4023
1.4762 1.4751 1.4701 1.4770  1.5849 2.3668 2.3652 23305 2.3695 2.3765
1.6063 1.6064 1.5942  1.6092  1.7462 2.4530 2.4537 2.4019 2.4573 2.4581
1.9250 1.9260 1.8935 1.9285  2.0784 2.5750 2.5740 2.5254 2.5794 2.5756
1.6457 1.6452 1.6110 1.6459 1.7174 2.3067 2.3064 22972 2.3097 2.2941
1.3479 1.3469 1.3598 1.3500  1.4345 22173 2.2155 2.1748  2.2219 2.2066
1.3407 1.3398 1.3513 1.3426  1.4319 2.1953 2.1940 2.1485  2.1999 2.1936
1.7747 1.7748 1.7727 1.7765  1.9338 2.6119 2.6121 2.5745 2.6143 2.6247
1.7288 1.7292 1.7304 1.7303  1.8897 2.5949 2.5951 2.5609  2.5970 2.6092
1.4492 1.4478 1.4563 1.4495  1.5470 2.2774 2.2745 22376 2.2793 2.2921
1.7298 1.7295 1.7149 1.7312  1.8940 2.5912 2.5908 2.5379  2.5933 2.6063
1.7222 1.7237 1.6650 1.7224  1.8007 2.4267 2.4266 2.3928 2.4288 2.4189
1.9139 1.9144 1.8609 1.9172 19109 2.5575 2.5577 2.4989  2.5622 2.5527
1.8986 1.8991 1.8643 1.9023  1.9008 2.5414 2.5409 24811  2.5459 2.3926
1.6226 1.6222 1.6070 1.6244  1.7451 2.4475 2.4461 2.4366  2.4503 2.4279
1.6202 1.6196 1.7650 1.6218  1.7077 2.4834 2.4855 24287 2.4893 2.4619
0.0024 0.0026 -0.1580 0.0026  0.0373 -0.0358 -0.0393 0.0079 -0.0389  -0.0340
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