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Hindered rotation and bending anharmonicity in aluminum alkyls:
implications for methylaluminoxane thermodynamics

Perttu Hanhisalo? and Mikko Linnolahti *2

Accurate thermodynamic calculations for aluminum alkyls require proper treatment of low-frequency vibrations poorly
described by the harmonic approximation (HA). Here, we present a systematic investigation of hindered rotation and out-
of-plane bending in aluminum trichloride (ATC) and its methyl derivatives, employing advanced computational methods to
perform anharmonic entropy corrections, such as total eigenvalue summation (TES), extended two-dimensional torsion
method (E2DT), multi-structural approximation with torsional anharmonicity (MS-T), and Fourier grid Hamiltonian (FGH).
Our results reveal distinct structure-dependent behaviors: monomers exhibit near-free methyl rotations where the HA
overestimates entropy by 20-30 J Kt mol, while dimers show more hindered rotations adequately described by the HA
around room temperature. Out-of-plane bending modes in dimers display increasing energy level spacing that reduces their
thermodynamic contribution compared to HA predictions. Simple quasi-harmonic approaches reduce HA inaccuracy for
monomers but systematically underestimate the entropy of low-frequency modes in dimers. By applying appropriate
methods to ATC and trimethylaluminum (TMA), we achieve excellent agreement with experimental entropy values (within
3.5 J K™* mol). This validation supports extending our approach to methylaluminoxane (MAO), critical for understanding
polyolefin catalysis. The dimer species studied here directly relate to MAO edge sites involved in metallocene catalyst

activation.

Our findings suggest that mode-specific anharmonic corrections are essential for accurate thermodynamic

modeling of MAO and similar aluminum-containing systems.

Introduction

Aluminum trichloride (ATC) and its methyl derivatives are
industrially significant compounds, whose major applications lie
in thin film technology and polyolefin catalysis. For the atomic
layer deposition of aluminum oxide (Al,O3), both ATCY? and
dimethylaluminum chloride3~7 (DMAC) can serve as precursors,
although the process based on trimethylaluminum (TMA) and
water is considered ideal?8. Additionally, TMA is the key
building block of methylaluminoxane (MAO), a staple
metallocene cocatalyst in polyolefin catalysis®.

A central challenge in the computational modeling of these
aluminum systems is their thermodynamic characterization.
This challenge is especially relevant to our research interests in
MAO, where accurate computation of entropy and free energy
has proven critical for understanding its structural preferences.
Despite MAO's industrial importance, its precise structure
remained elusive for over four decades. Yet, a sheet form,
predicted by our electrospray ionization mass spectrometry
supported computational studies!®13, was recently confirmed
by crystallographic data!4. Crucially, the preference for the
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sheet structures over previously proposed cages!® appears to be
explained by their higher vibrational entropy?®.

Still, the quantitative accuracy of this observation remains
uncertain due to the incapability of the standard computational
approach for vibration, the harmonic approximation (HA), to
appropriately describe MAO low-frequency vibrations. Beyond
structural determination, proper description of these
anharmonic vibrations would be essential for understanding the
thermodynamic driving forces of MAO reactivity. However, the
problem with the HA is not limited to the large MAO structures:
previous studies!317.18 hgve shown that the HA fails to capture
the thermodynamics of even the simplest MAO building block—
trimethylaluminum. More specifically, the HA overestimates
the entropy of dimerization of TMA (-238 J mol~ K1) by over
30% compared to the experimental value (-181 J mol~ K1).

This discrepancy, together with the need to understand the
thermodynamic  factors governing MAQO's  structural
preferences and reactivity, motivated us to investigate the
vibrational entropy of aluminum compounds in more detail,
exploring theoretical approaches beyond the HA. For this
purpose, ATC and its methyl derivatives provide an ideal starting
point as they are the simplest organoaluminum compounds,
also exhibiting structural similarity to MAO. The MAO sheet
structures contain aluminum sites with bonding environments
reminiscent of the bridging motifs found in TMA dimers (see Fig.
1), providing reactive centers!® for precatalyst activation. The
chlorinated species are also relevant for MAO applications, as
chloride abstraction from metallocene precatalysts can lead to
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Fig. 1 Structural similarity between trimethylaluminum dimer (left) and edge of a
methylaluminoxane sheet (right). Al in Pink, O in red, C in grey, H omitted for clarity.

analogous structural environments?%2!, Therefore, systematic
investigation of HA alternatives for these model systems is
essential, beginning with an understanding of the fundamental
limitations of harmonic treatments.

The main problem with the HA is its poor potential energy
description of large-amplitude vibrations: torsions and out-of-
plane bends. Thermodynamically, this misrepresentation is
critical as these vibrations tend to have low frequencies, thus
contributing substantially to partition functions. In most cases,
this contribution is overestimated by the HA. One solution is to
use the quasi-harmonic (gh) approximations which implement
an artificial frequency cutoff; vibrations below this threshold
are either considered rotations?? or raised?? to the cutoff value.
These approximations, also utilized in our earlier work, can help
to prevent overestimating the vibrational contribution by the
HA. However, imposing artificial frequency cutoffs lacks
physical basis; more accurate results require solving the
Schrodinger equation (SE) for torsions and out-of-plane bends
with more suitable potential energy description.

Torsional motion can manifest as free rotation, hindered
rotation, or vibration, depending on the relation between
potential energy barriers and thermal energy. Because the
rotational barriers of single bonds are relatively low, torsional
motion typically occurs as hindered rotation even at sub-
ambient temperatures. Although the first correction models to
hindered rotation were developed by Pitzer and Gwinn?* in the
1940s, more practical and accurate approximations?>2®¢ have
surfaced in the past three decades. Originally, Pitzer and Gwinn
numerically solved the SE for the hindered rotation of ethane
using a simple periodic cosine potential

V=%(1—COSM¢)), (1)

where V| is the barrier height, M is the periodicity of the rotor
and ¢ is the torsional coordinate. They also formulated an
approximation (PG) that mimics these results by interpolating
between harmonic and free rotor (FR) partition functions.
Decades later, small adjustments to the PG approximation were
made by Truhlar?’ and subsequently by McClurg, Flagan, and
Goddard?®2° (MFG) and Ayala and Schlegel3° (AS). For TMA, Ehm

2| J. Name., 2012, 00, 1-3

et al. tested the MFG method, significantly improvingothe
computational value for the free energy &fHis8deiztiorir02487K

While these approximations work well for symmetric
hindered rotors (HRs) with periodic potential, more advanced
methods are required for asymmetric HRs. The most accurate
results for one-dimensional hindered rotation are obtained via
Torsional Eigenvalue Summation (TES).2> Using a higher order
Fourier series to describe the potential energy, TES computes
the torsional energy levels via diagonalization of Hamiltonian
matrix in a plane wave basis.

With multiple torsional degrees of freedom, obtaining
accurate partition functions becomes challenging due to more
complicated torsional potential energy surfaces (TPESs) and
kinetically coupled rotors. Ferndndez-Ramos et al. developed
the extended two-dimensional torsion method3-32 (E2DT) to
calculate accurate torsional eigenvalues for two-dimensional
cases using Fourier potentials, analogous to TES.

Beyond two torsions, solving the SE accurately becomes
prohibitive. For these cases, the multi-structural approximation
with torsional anharmonicity (MS-T), developed by Truhlar et
al.33735, is the most suitable option. The MS-T utilizes the basic
interpolating formula of the PG approximations, while also
addressing conformations and kinetic energy coupling of rotors.
The thermodynamic performance of MS-T was evaluated by
Gao et al.3%, who showed MS-T results to align well with
experimental heat capacity and entropy of
hydrocarbons.

For out-of-plane bends, computational approaches are less
established than for hindered rotation. Some studies3’—3° have
considered these bends in the context of transition state theory,
adding quartic corrections to the HA quadratic potential.
Solving the SE with more appropriate potential description
requires approximations such as the semiclassical Jeffreys-
Wentzel-Kramers-Brillouin®*3 (JWKB) method or the Fourier
grid Hamiltonian** (FGH) approach.

In this work, we study the large amplitude motions of ATC
and its methyl derivatives, evaluating the thermodynamic
effects of different anharmonic corrections. We study torsional
vibrations using various methods, including the FR
approximation and the HR methods TES, MFG, E2DT, and MS-T.
Additionally, we address the low frequency out-of-plane bends
of Al,Xg structures with more accurate potential descriptions
using the FGH method. Our focus is on entropy, the
thermodynamic quantity most significantly affected by changes
in partition functions, and the property most critical for
understanding the behavior of MAO and related systems in
catalytic applications. By systematically comparing these
correction methods against experimental data where available,
we aim to establish best practices for thermodynamic
calculations of aluminum-containing systems with significant
low-frequency modes. Ultimately, our approach forms the basis
for more accurate modeling of MAO and its reactivity, which is
required for rational design of improved catalyst systems.

values for

This journal is © The Royal Society of Chemistry 20xx
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Methodology
General approach to vibrational analysis

In standard quantum chemical calculations, vibrational analysis
typically employs the HA, which models each vibrational mode
as a quantum harmonic oscillator (QHO) with quadratic
potential energy. The vibrational contribution to
thermodynamic properties is calculated through partition
functions. For a QHO, the vibrational partition function*® is

e—hvﬁ/z

T (2)

where h is the Planck constant, v is vibrational frequency, and
B = (kT)™!, where k is the Boltzmann constant and T is
temperature. Vibrational entropy?® is generally calculated as

dlngqg
Svip=R(Ing+T\ 57 K (3)

where R is the gas constant and partition function g depends on

the approximation used. For torsions, g corresponds to the
In this work, g
represents the partition function of a single vibrational mode

symmetry-corrected partition function.

(or of two coupled rotors in the E2DT case), and Q denotes the
total vibrational (or rotational) partition function.

While the harmonic potential provides a satisfactory
description for high-frequency, small-amplitude vibrations, it
misrepresents low-frequency, large-amplitude motions such as
torsions and out-of-plane bends, leading to incorrect vibrational
energy levels. Additionally, the near-zero frequencies of these
vibrations are highly susceptible to numerical noise in quantum
chemical calculations: small absolute differences in frequencies
between two methods can have large thermodynamic impacts.

The gh approximations both
simultaneously by treating vibrations below a frequency cutoff

address problems
differently from the HA—Grimme's approach interpolates
between harmonic and FR entropies, while Truhlar's approach
raises low frequencies to the cutoff value. These procedures
remove the numerical noise and reduce the overestimation of
energy levels by the HA, which is especially the case for very
low-frequency torsions.

Still, the accuracy of the gh approximations is limited by
their black box nature—obtaining more accurate results
requires methods that are based on solutions of the SE with
improved potential description. In this work, we evaluate the
effect of such methods for large-amplitude vibrations of simple
aluminum compounds by comparison to harmonic, quasi-
harmonic, and experimental results. The studied compounds,
specific methods, and computational details are described in
the following sections.

Studied molecules

derivatives in both
compounds
characterized by a trigonal planar geometry in the monomer

We investigate ATC and
monomeric and dimeric

its methyl

form. These are

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Three studied isomers of Al,Me,Cl,. Left: 1,1-Al,Me,Cl, (Cz). Middle: 1,2-
Al,Me,Cly (Cyy). Right: 1,2-Al;Me,Cly (Cap). 1,1 and 1,2 refer to methyl groups that are
bonded to the same Al and to different Als, respectively.

state, with a central aluminum atom bonded to three
substituents (Cl or CHs). The monomers examined are AICl;,
AlMeCl,, AlMe,Cl, and AlMes;, representing progressive
methylation of the parent ATC compound. The corresponding
dimers are Al,Clg, Al,;MeCls, Al,Me,Cl;, Al;Me;sCls, Al,Me,Cl,,
and Al,Meg. The dimerization occurs through bridging
substituents, with chlorine bridges being energetically
preferred over methyl bridges*®47 in the mixed alkyl-halide
species. In this work, we focus exclusively on chlorine-bridged
structures for all mixed species; this approach restricts the
number of studied isomers and explains the absence of
Al;MesCl from our series. The only exception to our chlorine-
bridge focus is Al,Meg, which necessarily contains methyl
bridges. The dimer with two methyl groups (Al,Me,Cl,) exists in
three distinct isomers shown in Fig. 2.

This systematic series of compounds allows us to evaluate
the thermodynamic impact of increasing methyl rotor count for
both monomer and dimer species. The dimers also enable the
investigation of low-frequency out-of-plane bending vibrations.

Hindered rotor corrections

Pitzer and Gwinn?* formulated an expression for the HR
partition function gFC by scaling the classical partition function
qass by a correction factor based on the quantum and classical
harmonic oscillator (CHO) partition functions (eqn. 4). The QHO
partition function was already described in the previous section,
while the CHO partition function is simply the inverse of the
dimensionless frequency (eqgn. 5).

qqQHo
qPG = {class (qCHO) (4)
qcho = (hvp)™? (5)

Including an integral over the torsional coordinate with the
potential energy description, the classical partition function2430
is computed as

2n/M

1 1/2
) f d¢11/ze—[;vo(1—cosM¢)/2 , (6)
0

qclass = (Zﬂﬁflz

where [ is the torsional moment of inertia and # is the reduced
Planck constant. For symmetric HRs, this integral simplifies as
the moment of inertia becomes constant, resulting in

J. Name., 2013, 00, 1-3 | 3
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2nl \Y?
Aclass = (Mz—flzﬁ) e_'BVO/ZJO(ﬁVO/Z ), (7)

where the pre-exponential term equals the FR partition
function and Jo(BV,y/2) is a modified zeroth order Bessel
function. This formulation provides a smooth transition
between the FR behavior at high temperatures or low barriers
and QHO behavior at low temperatures or high barriers.

McClurg, Flagan, and Goddard?®?° modified the PG
approximation to correct for the zero-point energy
overestimation of the HA:

qMFG — qPGe(fLZVZ/(ZhV+16V0))ﬁ (8)

where the term preceding [ in the exponent is a Padé
approximant.

For systems with multiple torsional degrees of freedom,
Truhlar et al33-3> developed the MS-T method. The MS-T
partition function incorporates rotational and vibrational
contributions across multiple conformations:

] t

o= ore | [r,.
n

J

where Q°t

;" is the rotational partition function of conformation j
, Uj is the potential energy of conformation j relative to the
lowest energy conformation, Q?HO is the QHO partition
function of conformation j, and f, is the interpolating factor
including kinetic coupling of torsional motions 1 by the method
of Kilpatrick and Pitzer?é.

While the interpolating PG approximation
derivatives offer straightforward approaches, more accurate
results for HRs can be obtained by improving the potential
energy description. The TES method?> employs a higher-order
Fourier series to represent the torsional potential:

and its

k

V= Z by cosn,¢ , (10)
ie=0

where b, are the Fourier coefficients and n, are the
corresponding integer periodicities. The SE is solved with this
potential by diagonalizing the Hamiltonian matrix in a plane
wave basis, yielding energy eigenvalues for constructing
accurate partition functions by

q= Ze—ﬁfi ,

13

(11)

where g; is the energy of state i.

For systems with two coupled torsional degrees of freedom,
the E2DT method3? extends the Fourier potential description
into two dimensions using both cosine and sine terms to

4| J. Name., 2012, 00, 1-3

capture the potential energy coupling betwegn, the Jwe
torsional coordinates. The two-dimensidial SELGSHRenPIshzEd
with this potential energy function, also incorporating coupled
kinetic energy terms*8. The resulting torsional eigenvalues are
used to construct the two-dimensional non-separable (2D-NS)
partition function3! that includes the quantum effects of the
torsional modes. The E2DT method then uses the ratio of
guantum and classical partition functions to correct the
extended hindered rotor (EHR) partition function developed by
Vansteenkiste et al.*®

2D—NS
QF2DT = QEHRq— (12)
qclass,tor
The classical torsional partition function is defined as
1 1
Gclasstor = — 5 n75
Otor 2T

2m 2w (13)

x [ [ dpragaiD(@ugo)) /2 e srets
00

where ¢, and ¢, are the torsional angles of the coupled HRs,
Otor IS the torsional symmetry number and D is the Kilpatrick-
Pitzer torsional moment of inertia matrix*8.

Out-of-plane bending corrections

For the out-of-plane bending vibrations of our dimer structures,
we utilized the FGH method** developed by Marston and Balint-
Kurti. Unlike hindered rotation, which has established
correction schemes, approaches for out-of-plane bending are
less standardized. The FGH method solves the SE for arbitrary
potential using a grid-based approach derived from discrete
Fourier transform algorithms. The solved eigenvalues
determine the partition function according to eqn. 11.

In addition to potential energy, the FGH method requires
the kinetic part of the Hamiltonian. For the description of kinetic
energy, two options exist: using mass-scaled coordinates with
reduced mass or torsional coordinates with moment of inertia.
While previous studies on bending vibrations (such as in
cyclopentane) have utilized mass-scaled coordinates38, we
chose to use torsional coordinates instead. We justify our
choice by the appearance of the bending vibrations of our dimer
structures: these vibrations mainly comprise torsional motion
along the Al-CI-CI-Al dihedral (see Fig. 3). Therefore, compared
to mass-scaled coordinates, torsional coordinates provide a
more accurate description of kinetic energy.

While using a constant moment of inertia is justified for the
hindered rotation of a methyl rotor, these bending vibrations
impose a more significant angular dependence on the moment
of inertia. For HRs, Ellingson et al.?> presented an averaged
approach for the moment of inertia by integrating the Pitzer
moment of inertia®® over the torsional coordinate. We adjusted
their approach to our case by Boltzmann-weighting the Pitzer
moment of inertia along the torsional coordinate based on
potential energy. This Boltzmann-weighting approach, imposing

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 13


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp02487k

Open Access Article. Published on 01 September 2025. Downloaded on 9/5/2025 9:22:42 PM.

This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

al Chemistry Chemical Phys

Journal Name

Mo

Fig. 3 Low frequency out-of-plane bending normal mode of Al,Clg. Al in pink, Cl in green.

temperature dependence on the moment of inertia and energy
levels, was originally proposed by Reinisch et al.>!

When deciding between rigid and relaxed scans for the
dimer TPESs, we opted for the rigid scan approach. While
relaxed scans are utilized in HR methods like E2DT, they lead to
significant deformations of the rotating groups during bending
motions. These deformations would conflict with our chosen
kinetic energy approach. Ultimately, we view the choice
between mass-scaled and torsional coordinates (and thus
between relaxed and rigid scan) as a trade-off between the
accuracy of potential and kinetic energy descriptions.

The bending normal mode of TMA dimer (Al,Meg) required
special treatment since its bridging structure involves methyl
groups rather than chlorine atoms. In this case, the hydrogens
of the bridging methyl groups do not rotate with the AlMe,
groups. To exclude these hydrogens from the torsional moment
of inertia calculation as a rotating part, we replaced them with
dummy atoms having a mass three times the atomic mass of
hydrogen, positioned on the torsional axis at their average
distance. This approach provides the correct rotating groups for
the torsional moments of inertia while minimizing changes to
the overall moments of inertia of the molecule.

Computational details

Geometry optimizations, frequency calculations, and scan
calculations of this work were performed at MP2/def2-TZVPP>2
level of theory using Gaussian 16°3. Tight criteria were used for
both optimizations and SCF convergence.

For the last decade, the M06-2X>* DFT functional has been
the method of choice for aluminum compounds, largely due to
the benchmark study of Ehm et al.'” They found the functional
to provide the lowest mean absolute deviation (0.6 kcal/mol)
for the dimerization energy of aluminum alkyls and analogous
structures. However, we chose MP2, which also provided
sufficient values (1.2 kcal/mol), based on our recent findings
related to MAO structures. We found that M06-2X artificially
stabilizes certain structural features in organoaluminum
systems??, while MP2 energies better align with the reference
CCSD(T) results. Therefore, this ab initio approach ensures
reliable energetics and direct comparability with our broader
research on MAO-related systems.

All optimized structures were confirmed as minima through
vibrational frequency analysis. For the hindered rotation TPES
scan calculations, we performed relaxed optimizations with a

This journal is © The Royal Society of Chemistry 20xx
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step size of 5 degrees. Rigid TPES scans with the same.step-size
were conducted for the out-of-plane berkfhgViBFaAtRSRE T EHE
Al;Xg dimer structures.

We used MSTor 2023 program?®> to calculate HR corrections
for the TES and MS-T methods. To perform the MS-T
calculations, we had to modify the covalent radius value of
aluminum in the source code; initially the program
misunderstood the bonding of our dimer structures. Changes
were made also to the TES code, so that the program prints
more than one energy eigenvalue (see ESI for code
modifications). The MFG, E2DT and FGH calculations were
performed using Gaussian 16°3, Q2DTor*®, and FGH1D>’
programs, respectively. In the FGH calculations, we used 500
grid points. Moments of inertia for the FR and FGH calculations
were determined with MSTor 2023>° (see ESI Tables S-6 and S-
7 for the calculated moment of inertia values).

Throughout the thermodynamic calculations of this work,
we applied a scaling factor of 0.9749 to the vibrational
frequencies. This value was determined for our method and
basis set with the FREQ program®8 by minimizing the root mean
square error of zero-point energy in 15 test molecules. Quasi-
harmonic entropy corrections were addressed using the
Goodvibes script> with a cut-off frequency of 100 cm™.

Potential energy surfaces

The calculated potential energy surfaces are available in
numerical form in ESI Tables S-3, S-4, and S-5.

Hindered rotation potential energy surfaces

We discovered that the TPESs of aluminum alkyl compounds are
notably flat compared to typical organic molecules. This
characteristic stems from the longer Al-C bonds compared to
C—C bonds in hydrocarbons, providing more space for internal
rotation. The simplest case, AlIMeCl, monomer, exhibits an
extremely low barrier to internal rotation of only 19 J mol™. In
contrast, a single methyl rotor in Al,;MeCls dimer possesses a

360 500
=0 400
240
i 300 —
: :
8 180 5
é 200 >
120
1
55 00
0 0
0 60 120 180 240 300 360

¢, (degrees)

Fig. 4 Two-dimensional torsional potential energy surface of 1,2-Al,Me,Cl, (C,p) isomer
as a function of methyl torsional angles ¢; and ¢,.
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greater barrier height of approximately 3 k] mol* due to more
limited space for internal rotation.

To put these barrier heights in context, we can compare
them to thermal energy (RT), which equals approximately 2.5
kJ mol= at room temperature. When RT >> V, the motion is
effectively free rotation. When RT ~ V, the motion is properly
characterized as hindered rotation. Therefore, the torsional
vibrations of AlIMeCl, and Al,MeCl; categorize as free rotation
and hindered rotation, respectively.

The introduction of a second methyl rotor impacts the
potential energy landscapes by imposing saddle points. In a
two-dimensional TPES, the saddle points correspond to the
restricting rotational barriers of a single methyl rotor, while the
global maxima describe the barriers related to combined
rotation of the methyl groups. Fig. 4 illustrates the two-
dimensional TPES of the 1,2-Al,Me,Cl; (C,h) isomer (see ESI
Figures S-1, S-2, and S-3 for other two-dimensional TPESs).

Effectively, the relation between saddle points and RT
determines the manifestation of torsional motion for these
two-dimensional cases. Although the rotational barriers of
AlMe,Cl are sixfold compared to AlMeCl,, the rotation remains
relatively free. The rotations of Al,Me,Cl, dimers are hindered,
as the rotational barriers are comparable to those of Al,MeCls.
Combined rotations of the methyl groups encounter barriers

4000 T— Al %)
i — = 1,1-AlMe,Cl, (Ca) !
] LI 1,2-AlMe,Cly (Car) h
— 'Il Al,Me,Cl, :
d ;
£* ] !
5 2000 - “ :;
> y f
. ¢
1000 - i f
] A r
e\ %
N P
0 T T \-l" T "'/ T !
-60 -40 -20 0 20 40 60
4000 1 : - AlMeCl, !
I —=1,2-AlMeCly (C2)| |
] . AlMe,Cl, I
3000 4 .1 Al !
1 1 ; i
7 1 b )
E 2000 - W |
S '
i ;
] 14 4 /
1000 4 LA 4o
\y ¢
0 T T .Ti". Ll ] ]
-60 -40 -20 0 20 40 &0

¢ (degrees)

Fig. 5 Torsional potential energy surfaces for out-of-plane bending vibrations in dimer
structures. Top: Symmetric potentials. Bottom: Asymmetric potentials.
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approximately double those of the single-rotor case,with the
1,1-isomer showing slightly higher batriets 1etReDIePOstEric
interactions between adjacent methyl groups.

For structures with more than two methyl rotors (AlMes,
Al;MesCls, Al,Me4Cl,, and Al,;Meg), exhaustive mapping of the
full TPESs becomes computationally prohibitive. However,
barrier heights can be estimated by rotating selected methyl
groups to energetically unfavorable positions, with first-order
saddle points providing the crucial information. For AlMe;, all
rotational barriers remain below 0.5 kJ mol?, indicating
relatively free rotation of the methyl groups. In the dimer
structures, the additional methyl rotors have an insignificant
effect on the first order saddle points over the two-dimensional
case.

Out-of-plane bending potential energy surfaces

The out-of-plane bends in dimer structures exhibit significantly
different potential energy characteristics compared to hindered
rotation. Fig. 5 presents the potential energy curves for these
bending modes along the torsional coordinates. Unlike the
hindered rotation TPESs, these curves show high barriers that
completely restrict the bending motion, resulting in well-
defined vibrational behavior.

Depending on the specific dimer structure, the TPES curves
exhibit either symmetric or asymmetric profiles. The symmetric
curves resemble higher-order monomials rather than simple
quadratic potentials, while the asymmetric curves show more
complex behavior. The width of these potential wells correlates
inversely with the size of the terminal groups — bulkier methyl
groups result in narrower potential wells due to steric
constraints.

For Al,Cls, shown in Fig. 6, the potential energy increases
gradually as the molecule bends away from its equilibrium
position. This gradual increase at small displacements is
followed by a steeper increase at larger displacements. The HA
captures the gradual increase at small displacements but fails to
estimate the steepness of the potential at large displacements.

4000
| |
1 ——Scan !
|} 1
1 HA |
30004 | !
1 li
! !
o \ |
1 ‘ ,
£ 2000 - \ I
2 1 i
> \ !
\ I
\ '}
i \ !
1000 § J
\ i’
N /
h /
\\._‘ ’//
0 T T = T T T
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Fig. 6 Potential energy surface of Al,Clg along the out-of-plane bending torsional
coordinate compared to the harmonic approximation (HA).
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Energy levels

The calculated eigenvalues with TES, E2DT, and FGH methods
are available in numerical form in ESI tables S-9, S-10, and S-11,
respectively.

Hindered rotation energy levels

The calculated energy levels for one-dimensional torsional
motions reveal significant differences between the monomer
(AlIMeCl,) and the dimer (Al,MeCls). For these species, Fig. 7
presents a comparison of the energy levels obtained with three
approaches: FR, HA, and TES.

For the monomer, the TES energy levels closely align with
the FR energy levels, confirming our characterization of this
rotor as essentially free. Both methods share a ground state
near zero frequency, followed by diverging energy levels of
double degeneracy. Due to the lack of restricting potential
energy barriers, the HA fails to estimate the energy levels
correctly, predicting unreasonably tight energy level spacing.

In contrast, for the corresponding dimer, the harmonic
potential provides a reasonably good fit to the true potential
near the minimum, resulting in accurate predictions of the two
lowest energy levels. However, as we move to higher energy
states, the harmonic energy levels diverge increasingly from the
TES states, which adopt the FR behavior.

For structures with two torsional degrees of freedom,
interpretation of energy eigenvalues in comparison with the HA
becomes challenging. As the HA energy levels originate from
two separate one-dimensional potentials, straightforward
comparison to the 2D-NS energy levels of the E2DT is practically
impossible.

Out-of-plane bending energy levels

The energy levels for out-of-plane bending vibrations display a
distinct pattern that differs from both harmonic oscillators and
HRs. Fig. 8 presents the seven lowest energy levels for Al,Clg
obtained with the HA and FGH. The FGH energy levels, which
account for the true shape of the potential energy curve, exhibit
gradually increasing spacing between adjacent levels as energy

50 =m=s \ / _____

40 A
o 3041 — Scan
' — HA
E
A e — T s FR
> 20 4 TES

10 1

0 T T T T T
0 60 120 180 240 300 360

¢ (degrees)

V{em™1)
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Fig. 8 Lowest energy levels for Al,Clg out-of-plane bending calculated using the harmonic
approximation (HA) and Fourier grid Hamiltonian (FGH) methods.

increases. This behavior, arising from the steepness of the
potential energy curve at higher displacements, contrasts with
the perfectly even spacing of the HA energy levels.

This gradually increasing separation between energy levels
was also reported in a recent study by Wu et al.38 for the
bending vibration of cyclopentane using a quadratic-quartic
potential. Although our coordinate system differs (we use
torsional angles rather than mass-scaled coordinates), the
qualitative behavior is remarkably similar.

Thermodynamics

We have systematically compared the entropy values
calculated with different theoretical approaches to understand
the impact of anharmonic corrections on thermodynamic
properties. Table 1 presents entropy values (in J K mol?) at
standard conditions (298.15 K, 1 bar) for all studied structures
using various methods. The harmonic vibrational frequencies
are presented in ESI Tables S-1 and S-2, torsional and out-of-
plane bending normal modes being explicitly marked.

300

200 1.

150 +

100 A

50 1

T
180

¢ (degrees)

Fig. 7 Energy levels of AlMeCl, (left) and Al,MeCls (right) methyl rotations using the free rotor (FR) approximation, total eigenvalue summation (TES), and harmonic approximation

(HA). The horizontal energy level lines use solid, dashed, and dash-dot styles to indicate degeneracies of 1, 2, and 3, respectively.
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Table 1. Gas phase entropy values? for aluminum compounds calculated using different theoretical methods®, with experimental valuest where available.

Structure Exp. HA gh (Gri.)®  gh (Tru.)¢ FR TES MFG E2DT MS-T FGH
AICl; 310.2+5.7 313.6 313.2 313.6 - - - — - -
AlMecCl, - 354.5 344.4 340.1 334.5 334.5 340.5 — 320.1 —
AlMe,Cl - 368.6 352.0 345.9 346.3 - 355.2 346.3 346.4 —
AlMe; 352.8+0.9 381.9 360.7 354.6 355.0 — 366.7 — 355.1 —
Al,Clg 471.4+11.6 476.0 458.2 456.2 — — — — — 472.3
Al,MeClg — 501.1 482.9 481.6 501.9 501.3 501.7 — 501.6 496.3
1,1-Al,Me,Cl, (Cy,) - 511.5 491.4 489.1 512.8 - 512.7 509.1 512.2 502.6
1,2-Al,Me,Cl, (Cy,) - 507.1 489.3 489.5 508.6 - 508.1 506.2 507.8 502.9
1,2-Al,Me,Cl, (Cyp) - 512.2 491.7 489.4 513.6 - 513.2 509.7 513.0 503.4
Al,Me;Cly — 524.6 506.8 508.1 526.7 — 526.1 — 525.5 520.4
Al,Me,Cl, — 529.9 509.8 509.9 532.7 — 531.8 — 531.1 520.5
AlLMeg 5249+1.0 526.0 515.1 520.6 529.6 — 528.0 — 527.0 522.6

a Entropy values in J K’ mol™? at 298.15 K and 1 bar. ® Scaling factor of 0.9749 was applied for the vibrational frequencies, excluding the TES, 2D-NS, and FGH
eigenvalues. ¢ Experimental values derived from literature data as described in the Experimental comparison section. ¢ Quasi-harmonic approximations of

Truhlar (Tru.) and Grimme (Gri.).

Monomer results

The anharmonic corrections have a particularly pronounced
effect on the entropy of our monomer structures with methyl
rotors. In AlMeCl,, the HA significantly overestimates the
entropy (354.5 J K! mol?') compared to more appropriate
approaches like the TES method and FR approximation, both of
which estimate the entropy at 334.5 J K’ mol-. This 20 J K'* mol-
1 difference highlights how poorly the HA captures the behavior
of near-free rotors. Interestingly, the estimates of interpolating
HR treatments, MFG (340.5 J Kt mol) and MS-T (320.1J K’ mol-
1), significantly deviate from both the TES value and each other.
For one-dimensional hindered rotation, these two methods
should yield matching results. We observed that the entropy
underestimation of the MS-T seems to be due to severely
overestimated rotational barriers  originating  from
misinterpretation of the Hessian matrix. This issue most likely
arises from the extremely low force constant of AlMeCl,
estimated by MP2; M06-2X, with slightly higher force constant,
yields a reasonable value (334.6 J K’ mol?) that aligns with the
TES value. The rotational barriers estimated by the MFG
method were also slightly overestimated, which might
contribute to the discrepancy between the MFG and TES
methods.

The monomers with two (AlMe,Cl) and three (AlMes)
methyl rotors follow similar patterns. For AlMe,Cl, the HA
(368.6 J K’ mol?!) overestimates the entropy by approximately
22 ) K'* mol! compared to our best estimate, the E2DT (346.3 J
K moll). Remarkably, both the MS-T (346.4 J K mol) and FR
(346.3 J K mol?) results are in excellent agreement with the
E2DT result. Moreover, the excellent agreement of the MS-T
and FR extends to AlMes;, for which the overestimation of
entropy by the HA (26.8 J K* mol?) is the most severe. This
remarkable alignment of the FR with the TES, E2DT, and MS-T
has two indications: the monomer methyl rotors can be
considered free, and more importantly, their coupling effects
seem to play an insignificant role at these conditions. Despite
this observation, the uncoupled MFG method provides

8| J. Name., 2012, 00, 1-3

substandard corrections for two and three methyl rotors, as in
the one-dimensional case. Therefore, the insufficient results
appear to be related to the treatment of low-barrier systems by
the MFG method rather than coupling effects between rotors.
The gh approximations also improve upon the HA for
monomers, with Truhlar's approach providing values closer to
the reference methods than Grimme's approach. This order is
somewhat surprising, since Grimme's rotation approach would
be more justified, physically. However, we identified that the
discrepancy between Grimme's gh approach and the reference
methods arises from two factors: estimated moments of inertia
deviating from the actual values and missing symmetry
corrections. Ultimately, neither gh method fully captures the
corrections provided by explicit anharmonic treatments.

Dimer results

The thermodynamic behavior of the dimers notably differs from
the monomers. For the dimer with one methyl rotor (Al,MeCls),
the HA value (501.1 J K* mol?) is remarkably close to the FR
value (501.9 J KT mol?), while the values of the HR methods,
TES, MFG, and MS-T, fall between these two extremes. Around
the 100 cm™ frequency range, at room temperature, the FR
partition function is nearly twice the HA partition function, but
the difference in entropy is small, as it is compensated by the
derivative term of equation 1. Due to the alignment of the HA
and FR entropy values, the HR corrections to entropy are rather
modest at room temperature, despite significant differences in
the partition functions themselves.

For the three isomers of Al,Me,Cl,, the HR and FR deviations
from the HA follow a nearly similar pattern. The FR entropy
values, on average, lie 1.4 J K’ mol* above the HA values, while
the MFG and MS-T values settle between the extremes.
Although the E2DT and MS-T values align perfectly in the
monomer case, for these dimers the E2DT values are
systematically lower than the MS-T values (2.7 J K* mol* on
average).

The trend between the HA and the rotor approximations
stays the same with three (Al,MesCls), four (Al,Me,Cl,), and six

This journal is © The Royal Society of Chemistry 20xx
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(Al;Meg) methyl rotors. For practical reasons, we were unable
to address the hindered rotation of the two TMA bridging
methyl groups due to the limitations of our chosen methods.
Both the MFG method and MS-T require torsional axes to be
determined between real atoms, while the true torsional axes
of the bridging methyl groups point towards the center of the
imaginary Al-Al bond. For all these dimer species, the MS-T
values slightly exceed the HA values unlike in the monomer
cases. For Al,Meg, the slight overestimation of FR for each
terminal methyl group cumulates to entropy value 2.6 J K'* mol-
1 above the MS-T value. The uncoupled MFG method yields
satisfactory results for the dimers as the values fall between the
MS-T and FR values.

The out-of-plane bending modes of the dimers represent a
distinct contribution to thermodynamic properties. Our FGH
calculations consistently yield lower entropy values than the
HA, with differences ranging from 3.4 J KX mol? for Al,Meg to
9.4 J Kt mol for Al,Me,Cl,. The lowering of entropy is generally
caused by the increasing energy level separation of FGH, but the
magnitude of the lowering also depends on the location of the
FGH ground state relative to the HA counterpart. We observed
that the FGH ground states tend to lie above the HA ground
states, with the largest difference emerging for Al,Meg. This
behavior of Al,Meg is expected given that the out-of-plane
bending motion in the methyl-bridged species is more complex
than in the chlorine-bridged species, where the motion is more
localized to the AI-CI-CI-Al dihedral. The gh results deviate even
more from the FGH results, as the low frequencies are raised to
unreasonably high values.

Experimental comparison

To validate our computational approaches, comparison to
experimental results is necessary. In our case, experimental
entropy data are available for ATC and TMA. For TMA, the gas
phase entropy value of the dimer®® (524.9 + 1.0 J K’ mol?) can
be used together with the entropy of dimerization®'62 (-180.7 +
1.4 J K mol?) to obtain the corresponding value for the
monomer. For ATC, we calculated the gas phase entropy values
for both forms using solid phase data of the monomer®3 (109.3
+ 0.4 J KT mol?), enthalpy of sublimation®* (59.9 + 2.0 kJ mol?),
and entropy of dimerization® (-149.0 £ 2.1 J K'* mol!). From the
relatively recent work of Brunetti et al.%*, we selected the
second-law enthalpy of sublimation value that provides better
thermodynamic consistency with our computational results.
With their third-law enthalpy value, the monomer entropy
would lie well below the HA value, despite AICI; lacking
problematic low-frequency modes.

As the experimental values are constructed from several
parts, propagation of uncertainty is required. For TMA dimer in
gas phase, McCullough et al. reported an uncertainty of 1.0 J K-
1 mol?! based on low-temperature calorimetry and vapor
pressure studies.®® However, their seemingly optimistic
estimate includes no individual contributions to the total value.
For TMA monomer, we approximated the uncertainty of
McCullough et al. as standard uncertainty (one sigma) and
combined it with the standard error (intercept) of Henrickson
and Eyman®! Van't Hoff plot, assuming the variables to be

This journal is © The Royal Society of Chemistry 20xx
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uncorrelated. In the case of ATC, we utilized the same appreach
for the three uncertainties. We convefted 1tHE32omsetvativeé
enthalpy of sublimation uncertainty estimate of Brunetti et al.
to entropy by division by sublimation point temperature (350
K).84 This uncertainty (5.7 J K'* mol?) is significantly higher than
the other two, thus practically determining the overall
uncertainty for both monomer and dimer.

The calculated experimental gas phase entropy values and
uncertainties for monomeric and dimeric forms of ATC and TMA
were presented earlier in Table 1 together with our
computational values. By using the most suitable
approximations for each structure, we obtained values that
align well with the experimental values, noting that for ATC we
used the second-law enthalpy of sublimation from Brunetti et
al.*

For ATC monomer, where no significant anharmonic
corrections are required due to lack of large amplitude motions,
both our HA value of AICl; (313.6 J KX mol?) and the HA value
of Konings and Booij®® (312.7 J K’ mol), based on experimental
frequency and geometry data, are slightly higher than the
experimental value (310.2 £ 5.7 J K'* mol?). Also, for the ATC
dimer, the HA (476.0 J K! mol?) overestimates the entropy
compared to the experimental value (471.4 £ 11.6 J K mol?),
while the harmonic value is improved by our anharmonic FGH
correction (472.3 J K’ mol?) for the low-frequency out-of-plane
bending normal mode. However, the HA result of Konings and
Booij for the dimer lies slightly lower (470.2 J K mol?) due to
higher frequency of the bending vibration (25 cm™) compared
to our MP2 estimate (15 cm™).

For TMA, our computational results are in excellent
agreement with the experimental values using the MS-T and
FGH methods. The HR corrections prove crucial for the
monomer, as the HA substantially overestimates the entropy
(381.9J K’ mol') compared to the experimental value (352.8 +
0.9 J K mol?). The MS-T treatment reduces the error
significantly (355.1 J K’ mol?), although a similar result (355.0 J
K1 mol?) is obtained by the simple FR approximation. For the
TMA dimer, the HA value (526.0 J KX mol?) is, surprisingly, in
excellent agreement with the experimental value (524.9 £ 1.0 J
K1 mol1). Still, a result of comparable accuracy (523.6 J K’ mol-
1) is achieved when the FGH correction (-3.4 J K'* mol?) for the
out-of-plane bend is added to the MS-T result (527.0 J K1 mol-
1). The excellent alignment of the FR and HA results with the
experimental values of the TMA monomer and dimer,
respectively, indicate that simple methods can yield good
numerical results for some systems. However, more robust
approaches provide greater confidence and consistency across
different molecular systems.

Temperature dependence

Although the standard conditions are in many aspects a great
setting for benchmarking, they merely provide a snapshot of the
overall thermodynamic behavior. As temperature increases,
higher energy states become thermally accessible, significantly
contributing to partition functions and thermodynamic
properties. For this reason, the use of the HA becomes
problematic, as it tends to overestimate the density of energy
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Fig. 9 Temperature dependence on the Al,MeCls partition functions and entropy values obtained with the harmonic approximation (HA), free rotor (FR) approximation, and total

eigenvalue summation (TES). The values correspond to the contribution of the torsional mode.

levels for large amplitude motions. This overestimation then
transfers to partition functions and entropy, which is exactly the
case for the hindered rotation and out-of-plane-bending of our
structures.

For monomer hindered rotation and dimer out-of-plane
bending, HA entropy overestimation already applies at low
temperatures and further increases with rising temperature.
However, for dimer hindered rotation (Al,MeCls), the behavior
is somewhat different, as seen in Fig. 9. The FR partition
function and entropy lie above the HA and TES values at low
temperature. As temperature rises, the TES entropy approaches
the FR entropy, while the overestimation of the HA becomes
more significant above 400 K. The reasonable agreement
between the HA and TES below this temperature proves useful
for many applications.

For two-dimensional hindered rotation of the dimers, the
thermodynamic behavior of the HR methods (E2DT and MS-T)
resembles that of the TES for Al,MeCls. We noted earlier that
the dimer entropy values obtained by the MS-T lie slightly above
the E2DT values at standard conditions. Here, we observed that
this trend applies throughout the temperature range. This
consistency between the E2DT and MS-T indicates that the MS-
T is a reliable alternative to the E2DT and the best available
option moving forward to multi-dimensional hindered rotation.

Conclusions

In this work, we systematically investigated anharmonic
corrections for low-frequency vibrations in aluminum
trichloride (ATC) and its methyl derivatives, with particular
focus on entropy. By applying state-of-the-art methods for
hindered rotation (TES, E2DT, MS-T) and out-of-plane bending
(FGH), we obtained results that are in excellent agreement with
the experimental values and identified crucial structure-
property relationships that impact the computational accuracy
of these compounds. These findings also provide valuable
insights into the thermodynamic characterization of
methylaluminoxane (MAO).

10 | J. Name., 2012, 00, 1-3

The most striking observation is the distinct behavior of low-
frequency torsional modes in methyl containing monomers
versus dimers. In monomers, the barriers restricting methyl
rotations are extremely low, leading to practically free rotor
behavior poorly captured by the harmonic approximation (HA).
This mischaracterization leads to substantial entropy
overestimation by the HA, which is only partly corrected by the
quasi-harmonic (gh) approximations. In contrast, the same
methyl groups in dimers experience greater steric constraints,
resulting in higher rotational barriers that align better with the
HA, particularly at standard conditions.

For out-of-plane bending modes in dimers, our improved
potential energy descriptions, featuring a steeper rise at larger
displacements, result in a characteristic pattern of increasing
energy level spacing inadequately captured by both the HA and
gh approximations. While the HA overestimates the energy
level density and thus the entropy for these modes, the gh
approximations underestimate the entropy by raising the
frequencies to artificially high values.

Our observations on the torsional and bending vibrations
prove critical for the large number of complex MAO low-
frequency vibrations, which exhibit both motional motifs. These
vibrations, especially those of larger MAO sheets, comprise
bending and twisting of the sheet frame, accompanied by more
localized motions such as bending of the edge sites reminiscent
of trimethylaluminum (TMA) dimers and methyl rotations. For
the vibrations without methyl rotations, which also possess the
lowest frequencies, we believe that the problem of the
harmonic potential is the same as for the out-of-plane bends of
the present work: it increases too slowly at larger
displacements. While the entropy deviations of the harmonic
and quasi-harmonic approximations are relatively minor for a
single mode, they become cumulatively significant when
considering all such modes. We believe that improved results
could be obtained by a simple but well-parametrized
mathematical model, which would mimic the diverging energy
levels of the out-of-plane bends observed in the present work.
This approach would also correct inaccuracies in harmonic

This journal is © The Royal Society of Chemistry 20xx
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ground states, which can cause substantial energy state
overcounting.

Looking forward, we plan to extend our anharmonic analysis
to small-scale MAO structures, formulating a new mode specific
approach to correct the large-displacement behavior of the HA
for low frequency modes with predominant bending character.
For the MAO-catalyst interaction, we consider our vibrational
characterization of the mixed alkyl-halide species crucial, as
chloride abstraction from the precatalyst can create structurally
analogous local environments. In this context, finding a
thermodynamically sound solvation model for aluminum alkyls
is critical, given the solution-phase environment of the catalytic
application.

By establishing a more accurate framework for
thermodynamic calculations of aluminum systems, this work
provides a foundation for improved computational modeling of
MAO-catalyst interactions, addressing a long-standing
challenge in computational chemistry of polyolefin catalysis.
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