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ABSTRACT

We constructed an analytic diabatic potential energy matrix (DPEM) that describes the N-H photodissociation of methylamine; the electronic
state space includes the ground and first excited singlet states. The input for the fit was calculated by extended multi-state complete active space
second-order perturbation theory. The data were diabatized using the dipole-quadrupole diabatization method in which we incorporated a
coordinate-dependent weighting scheme for the contribution of the quadrupole moments. To make the resulting potential energy surfaces
semiglobal, we extended the anchor points reactive potential method, a multiscale approach that assigns the internal coordinates to categories
with different levels of computational treatment. Key aspects of the adiabatic potential energy surfaces obtained by diagonalizing the DPEM
agree with the available experimental and theoretical data at energies relevant for photochemical studies.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008647

. INTRODUCTION

Upon photoexcitation with ultraviolet light, methylamine
shows interesting dynamics that have been well studied but are not
fully understood. The interesting photodynamics of methylamine
coupled with its small size make it a good test system to improve
our understanding of photochemical processes and to improve and
test our computational methods for treating such systems. The first
step in such a program of study is to obtain potential energy sur-
faces and their couplings, and this is the objective of the present
paper.

Methylamine has been studied with many experimental and
theoretical methods.' > In 1963, Michael and Noyes detected dis-
sociation reactions of methylamine after excitation to the first ultra-
violet absorption band." The dominant dissociation pathway was
found to be N-H dissociation, but C-H and C-N dissociations were
also detected. These reactions were also detected by Waschewsky
and co-workers upon excitation at 222 nm in collisionless condi-
tions.” Using Hartree-Fock calculations to study the ground and
first excited singlet states (So and Si, respectively), Kassab et al.

showed that S; corresponded to the excitation of a nitrogen lone
pair electron to a 3s Rydberg orbital.” Along N-H and C-N disso-
ciation coordinates, this orbital assumes a ¢ character, and conical
intersections (Cls) between the ground and first excited states were
found along both dissociation coordinates. Building on this work,
Dunn and Morokuma studied Sy and S; along N-H, C-N, and C-
H dissociation coordinates. Along the N-H and C-N slices, they
found barriers at short distances and CIs at larger distances in good
agreement with Kassab et al. Both studies also noted a change in
the amino structure from pyramidal to planar upon excitation to S;.
More recent work by Xiao and co-workers’ explored critical points
on the two surfaces, and we will compare to their findings in Sec. ITI.
We are most interested in studying the N-H dissociation, but we
will show that our diabatization method is also capable of treating
the C-N and C-H dissociations.

The potential energy surfaces of methylamine can help us to
understand the system’s interesting photodynamics. Ashfold and co-
workers, using photofragment translational spectroscopy, studied
the kinetic energy spectra of H photofragments, which they found
to be bimodal.”” They found that N-H dissociation dominates over
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C-H dissociation, and they assigned the fast and slow components
of the H photofragments to two pathways for N-H dissociation
with both pathways leading to ground-electronic-state products and
with both pathways involving H atoms initially tunneling through or
passing over a barrier at short N-H distances on the excited surface.
More recent work supports their conclusion about the dominance of
N-H dissociation.”

Several studies have looked into how vibrational excitation
affects photodissociation,” """ including vibrational mode effects
on reaction yields,”” lifetimes,'" average photofragment translation
energy,’’ and branching ratios.”””"> Comparison of deuterated vs
non-deuterated species gives strong evidence of tunneling, which
likely plays a major role in fast passage through the N-H barrier on
the excited surface."’

Very recently, Wang and co-workers'* constructed a diabatic
potential energy matrix (DPEM) for methylamine by fitting data at
geometries obtained by sampling the coordinate space with trajec-
tories. Our approach is different from them but shares some key
features with the methods they used; in particular, we both use a dia-
batic representation and we both prioritize the regions of the DPEM,
which are important for dynamics.

To generate data for our fitting procedure, we used extended
multi-state complete active space second-order perturbation the-
ory” (XMS-CASPT2), which improves upon MS-CASPT2”* by
introducing invariance™ with respect to the rotation of the basis
vectors in the model space. The XMS-CASPT2 calculations yield
the energies of the two lowest singlet states in the adiabatic repre-
sentation. In this representation, the energies (adiabatic potentials)
are diagonal elements of the electronic Hamiltonian, and the states
are coupled by the nuclear momentum and nuclear kinetic energy
operators. For semiclassical calculations, one usually only deals with
the vector couplings due to the nuclear momentum operator,”*”’
and these couplings are called nonadiabatic couplings or NACs.”*
When adiabatic states approach one another, which is ubiquitous
in photochemistry, the adiabatic state functions change rapidly, and
the adiabatic potentials become equivalent at conical intersection
seams. These properties result in the adiabatic potentials having
high-dimensional cuspidal ridges (called conical intersections or
conical intersection seams) along nuclear coordinates and the NACs
becoming large as the states approach and becoming singular along
conical intersection seams.”’

In a diabatic representation,l’: " which is not unique, the NACs
are negligible, and the electronic wave functions are smooth func-
tions of the nuclear coordinates. The electronic Hamiltonian in a
diabatic representation is nondiagonal and is called the diabatic
potential energy matrix (DPEM); the elements of this matrix are
the diabatic potentials on the diagonal and the diabatic couplings
off the diagonal, and they are all smooth functions of nuclear coor-
dinates.”*”" For fitting purposes, a diabatic representation is prefer-
able compared to the adiabatic representation because the diabatic
potentials and diabatic couplings can be fit to analytical functions,
and the NACs can be neglected. Therefore, we will fit the surface in
a diabatic representation in the present work. We note that once a
diabatic fit has been obtained, it is straightforward and inexpensive
to transform into an equivalent adiabatic one.”

Therefore, before we fit the surfaces, we must convert the
directly calculated adiabatic surfaces to a DPEM, which is called dia-
batization. Many diabatization methods have been developed, and

3(
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for the present study, we used the dipole-quadrupole (DQ) dia-
batization method.”””* The DQ method makes use of the dipole
moment and the quadrupole moment to distinguish the diabatic
states. The quadrupole contribution has an origin dependence, and
multiple quadrupole origins can be used. Furthermore, the contribu-
tions of the moments can be weighted, and in this study, we extend
the applicability of the DQ diabatization method by introducing
coordinate-dependent weights on the quadrupole contributions.

Analytical DPEMs and adiabatic potentials, which are obtained
by diagonalizing the DPEM, are very useful for dynamics because
they are very cost effective as compared to direct dynamics, and
therefore, they allow more ensemble averaging and longer trajec-
tories at an affordable cost. However, it is not necessary to fit a
fully global DPEM that would be valid for all ranges of all internal
coordinates. Rather, it is sufficient to produce a semiglobal DPEM
that gives reasonable accuracy for dynamically accessed geome-
tries in the photochemical process being studied. Methylamine has
15 degrees of freedom, and we treat 2 of them globally and the
other 13 in restricted ranges of geometry. For this purpose, we use
the anchor points reactive potential (APRP) method, which was
originally developed for precisely this kind of semiglobal surface
fitting.”

The APRP scheme involves distinguishing the internal coor-
dinates of the system into primary, secondary, and tertiary coor-
dinates, but in this work, we use only primary and tertiary coordi-
nates. Along the primary coordinates, we fit the diabatic potentials
to globally realistic functions valid even in the region of dissociated
geometries. The dependence of the diabatic potentials on tertiary
coordinates is treated by local fits centered at anchor points corre-
sponding to fixed points in the primary coordinate space. The ter-
tiary fits depend parametrically on the primary coordinates. Between
the anchor points, tent functions of the primary coordinates interpo-
late the tertiary contribution.

In previous APRP studies,” ™ the tertiary contribution was
obtained by using Hessians calculated at the anchor points. In the
present work, we instead calculated energies at finite displacements
of the tertiary coordinates from the anchor points. We then fit the
energies to analytic functions of the tertiary coordinates.

The present work involved a second modification of the pre-
vious anchor points procedure, in particular, with regard to the
tent functions. In previous work, to interpolate between the anchor
points, our group has used one or more one-dimensional tent
functions. This means that for a system with two primary coor-
dinates, the anchor points were located along two independent
primary coordinate grids. The tertiary contribution would depend
on both primary coordinates, but the contribution along one pri-
mary coordinate was independent of the other primary coordi-
nate. As an example, if there were three anchor points along
one primary coordinate and three along the other, there were
six anchor points in total. In the present study, we used a two-
dimensional tent function, which means that the tertiary contri-
bution depends on a two-dimensional primary coordinate space.
With two primary coordinates, this means that there are nine anchor
points.

Section II briefly describes the DQ diabatization scheme and
the APRP method including the modifications made here to these
methods. Section II also presents the analytic forms fit to the DPEM.
Section 111 gives the results of the DQ method and compares the
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adiabatic potentials resulting from our DPEM to XMS-CASPT2,
density functional, and previous theoretical and experimental stud-
ies. Section I'V summarizes this paper.

Throughout this work, the ground state and the excited state in
the adiabatic representation will be referred to as Sp and S;, respec-
tively, the adiabatic potentials for the ground and excited states will
be referred to as V; and V, respectively, the ground and excited dia-
batic potentials are called Uy and Ua;, respectively, and the diabatic
coupling is U1a.

For calculating zero point energies and enthalpies with the
APRP surface, we used the harmonic approximation at the
minimum-energy geometries of V; and V5.

Il. METHODS AND COMPUTATIONAL DETAILS
A. Electronic structure calculations

Electronic structure calculations were performed with the Mol-
pro program package’" for the ground and first excited states
by XMS-CASPT2* with the 6-31++G(d,p)*' " basis set. All XMS
model spaces have a dimension of 2 (Sp and S, as explained above).
The reference state for the perturbation calculations producing the
adiabatic states used for diabatization was SA-CASSCF*" with six
active electrons in six active orbitals, denoted as (6,6), averaged over
two states with equal weights.

Symmetry was turned off. To avoid intruder states, a level shift
of 0.3E}, was applied. At this level of theory, the orbitals look satisfac-
tory, and the calculations are fast enough to enable the optimization
of the geometry of the ground and excited states and to calculate
adiabatic energies at the large number of geometries required as an
input for diabatization and fitting.

B. Diabatization

The calculations described in Subsection 1T A yield electroni-
cally adiabatic energies. As discussed in Sec. I, these are not smooth
functions of nuclear coordinates; the adiabatic potentials have cus-
pidal ridges along conical intersection seams. Furthermore, the adi-
abatic states are coupled by nonadiabatic couplings (NACs), which
are vectors resulting from the action of the nuclear momentum oper-
ator on the adiabatic electronic wave functions, and these become
singular along the conical intersection seams. These features make
the NACs and adiabatic potentials impractical to fit.

In the present study, there are two adiabatic surfaces, which are
transformed into a 2 x 2 diabatic potential energy matrix (DPEM),
whose elements are matrix elements of the electronic Hamiltonian
in the diabatic basis, in which this Hamiltonian is not diagonal. The
diagonal elements are the diabatic surfaces U1y and Uay; the off-
diagonal element is the diabatic coupling Uy,. If the diabatization is
successful, it circumvents the fitting problem of the previous para-
graph by producing a DPEM where matrix elements are smooth
functions of the nuclear coordinates, and the electronic states are
smooth enough that the operation of the nuclear momentum oper-
ators on them may be neglected. Thus, in a diabatic representation,
the coupling is provided by the smooth scalar off-diagonal elements
of the electronic Hamiltonian (the diabatic couplings) rather than
by singular NAC vectors, and the potential energy surfaces (the dia-
batic potentials) are smooth enough to be fit by analytic functions.
The diabatic Hamiltonian can be transformed back to the adiabatic
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Hamiltonian by diagonalization, and the diabatization procedure we
use is adiabatic equivalent, which means that the diabatic state func-
tions span the same space as the two lowest adiabatic state functions
so that the adiabatic potentials one gets by diagonalization are the
original ones.

Diabatization was done using the DQ diabatization method
published previously.”””* This method makes use of two electronic
properties, the dipole moment, and the quadrupole moment, to
distinguish diabatic states. These properties are defined as

Net+Noue
g= . qitis 1)
i1
i Nep+Nyye )
QW = > gilri—rl, (2)
=1

where p is the dipole operator, g; is the charge of particle i, r; is the
coordinate of particle i, and Q¥ is the traceless quadrupole at an
origin, rj. The DQ method is carried out by maximizing
2
©)

where v is diabatic state s, w, is a user determined weight on the
dipole moment, w; is a user determined weight at the quadrupole
term at origin j, and Niates is the total number of states (2 in the
present case). Diabatic states are defined as linear combination of
adiabatic states,

Nitates

No .
foa =3, (WM|<WS|P”//s>|2 + ZM‘(% Q¥
=

)

s=1

Ns
1//5 = Z ¢STSA) (4)
I=1

where ¢, are adiabatic states and T is a transformation matrix. The
DQ method solves for the transformation that maximizes fpq.

In this work, quadrupole origins were placed at each hydro-
gen (five sites) and at the carbon atom. Previous work with the DQ
method on smaller systems mainly utilized constant weights on the
different quadrupole contributions. For the present system, no con-
stant weights we tried could give good diabatic potentials for all
the regions tested. To overcome this problem, we used coordinate-
dependent weights. The weights for the quadrupole moments at the
hydrogen atoms are defined as

—uN,H-(rN,H L )

Whx("'N-Hx) = WQHE N, (5)
where why is the weight in Eq. (3) for the quadrupole contribution at
Hx (x can be 1, 2, 5, 6, or 7; see Fig. 1), rn-nx is the N-Hx distance,
wqu and axu are parameters, and 71[\1011 is the ground-state equilib-
rium N-H distance. The weight on the quadrupole moments with
their origin at the carbon is

b — 01y

we(rew) = wace "N (ren=ri) , (6)
where wc is the weight in Eq. (3) for the quadrupole contribution
at C, rc-x is the C-N distance, woc and bcn are parameters, and
dg\]l is the ground-state equilibrium C-N distance. The parameters
for Eqgs. (5) and (6) are given in Table I. The dipole weight, w,,
was 1 ao~" for all diabatization calculations in this study. Diabati-
zation with these specifications led to smooth diabatic potentials in
the regions tested.
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(a)

— [o]
Ty1-N—c-H2 = 0

FIG. 1. Methylamine with naming conventions (a) at the optimized ground-state
geometry and (b) with the H1-N-C-H2 improper torsion set to 0°.

C. Analytic potential energy matrix

The notation in Fig. 1 will be used to describe coordinates and
structures. Panel b shows the structure when the four atoms of the
CNH, moiety lie in the same plane. Motion that simultaneously
takes H1 and H2 above or below this plane is referred to as the amino
wag.

Methylamine has 15 internal degrees of freedom, which is too
many for a fully global multi-surface fit, and so it was necessary to

TABLE I. Parameters for Egs. (5) and (6).

Parameter Values
wgH (a0 ) 2.0
ann (A1) 3.0
(&) 1.01575
wqc (ag %) 10.0
bon (A2) 7.0
A 1.459 744

ARTICLE scitation.org/journalljcp

prioritize certain regions of geometry to be fit with faithful accuracy;
this determination was based on the goal of creating a DPEM suit-
able for simulating the photodissociation of an N-H bond. Upon
photoexcitation, methylamine can dissociate via multiple pathways
forming different products; it can dissociate by breaking an N-H,
C-N, or C-H bond. The N-H bond dissociation gives the high-
est yield in experiments with excitation into the first ultraviolet
absorption band.””""* The dissociated hydrogens have a bimodal
translational energy distribution, and the dynamics show mode
dependency.””""""" Previous work has found evidence of conical
intersections along the N-H stretch when the amine has a planar
geometry,” ~ and we anticipate the motion of the NH; “wag,” which
changes the amino structure between planar and pyramidal, to be
important in understanding the system behavior upon photoexcita-
tion. We use the HI-N-C-H2 improper torsion angle as a measure
of the wag coordinate. Toward our goal of creating a PEM suitable
for simulating the N-H photodissociation experiments, the N-H1
bond coordinate and H1-N-C-H2 improper torsion angle are taken
as primary coordinates in the APRP scheme’ and are fitted glob-
ally with the other coordinates held fixed. All other coordinates are
considered to be spectator coordinates and are treated as tertiary
coordinates. The tertiary coordinates are taken as the N-H2 stretch,
two C-N-H bends, the C-N stretch, multiple N-C-H bends, C-H
stretches, H-C-H bends, and torsions of the methyl and carbonyl
hydrogens.

This partition of the coordinates means that we are not treating
the two amino hydrogens in a permutationally invariant way, but we
do treat the methyl hydrogens in a permutationally invariant way.

D. Overview of the fit

For fitting the diabatic potential energy matrix (DPEM), we cal-
culated diabatic energies and couplings at a large number of geome-
tries by the methods discussed above. First calculations were per-
formed on a two-dimensional coordinate grid with the methyl group
geometry fixed at the optimized ground-state equilibrium geometry.
The grid has the N-H1 stretch varied from 0.6 A to 12 A and the
H1-N-C-H2 improper torsion varied from 170° to 0°. The stretch
coordinate was varied by 0.1 A increments at small bond distances
and by larger increments at larger bond distances. The improper tor-
sion was varied by 10° increments. The improper torsion coordinate
is convenient because it does not depend on N-H stretches and C-
N-H bends of the amino group, which are accounted for in the other
primary coordinate and in the tertiary coordinates.

In contrast to previous APRP studies,”* which used local
quadratic information (Hessians) to fit the tertiary coordinates, in
this study, energies were directly calculated for finite displacements
along tertiary coordinates and fit locally to system-specific func-
tional forms. This was done to give a greater flexibility to the depen-
dence of the DPEM on tertiary coordinates. The full list of tertiary
coordinates studied in this way is the following: the H1-N-C bend,
the H2-N-C bend, the H2-N stretch, the C-N stretch, the H7-
C stretch, and the H6-C-N bend. Tertiary stretches were varied
by 0.1 A at small bond distances with larger spacing as the bond
distance increases. The bend angles were varied by increments of
2°-10°. These calculations were performed with the primary coor-
dinates held, in turn, at each of the anchor point structures, as will
be detailed in Sec. IT E on the tertiary fit.
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Although the form of the present APRP differs from previ-
ous APRPs in some ways, we maintained the method’s reliance on
physically motivated functional forms along all coordinates. This
feature of the APRP makes it possible to avoid introducing unphys-
ical features into the surfaces where the energy would drop drasti-
cally below zero (often referred to as holes when produced by other
methods of surface fitting). This is an advantage of APRP over meth-
ods that rely on extrapolation and/or interpolation, for example,
machine-learning algorithms or least-squares fits to a dataset.

E. Primary fit

Parameters for all primary fit equations can be found in the
supplementary material and in the Fortran subroutine, available
both as the supplementary material and in an online potential
1ibrary.*7 The U potential was fit to

Uy (rN-H1> THI-N-C-H2)

2 2
_a _p (1]
_ Kx[ll](l e a, i (r r(,)) +K),[“]e b, (r I, )

_p, [ (o 1)
+Kz[11](COS(T) —cos(1))-e W (L)

+ i il (e-ﬂr“”(cos<f>—~“”)z) : (e-bf“”(f—lf[“])z) @)
i=1

with parameters given in Table S1 of the supplementary material. In
Eq. (7), U1 depends on the N-H1 distance (rn-n1) and the H1-N-
C-H2 improper torsion coordinate (7H1-Nn-c-H2). For these coordi-
nates, subscripts are removed from the right hand side for brevity.
In the first term, ro is the N-H1 equilibrium bond distance. The
first and second terms are a Morse potential and Gaussian that fit
the NH bond stretch with all other coordinates fixed at the ground-
state equilibrium geometry. In the third term, the parameter 7 is the
improper torsion angle of the ground-state equilibrium structure.
At small N-H1 bond distances, this term grows along the amino
wag displacement that pushes the two hydrogen atoms away from
the ground-state equilibrium structure. As the N-H1 bond distance
increases, this term goes to zero due to the Gaussian to account
for the absence of interactions between the two hydrogens when
H1 dissociates. The fourth term is a summation of four Gaussians.
This term also goes to zero as the N-H1 bond distance increases.
The parameters were determined using the solver function in Excel.
(Solver was used for all the following fits as well.) Equation (7) uses
the cosine of the improper torsion angle rather than the angle itself,
which enforces the property that Ui, does not depend on the sign
of the improper torsion. (All the following primary fits are also
independent of the sign of the improper torsion.)
The Uy, potential was fit to

Uz ("N-H1» THI-N-C-H2)

_a 221y [22]
_ Cx[zz] +Kx[22]e a2 (-1, 12)

+ (Ky[zz] (r 4, )Z)E—by[zz] (r-,3)
+ Kz[zz](COS(T) -1)%. b (L)

5 2 22]\? 2 2])?
+ ZKZ'[ZZ] (e—ﬂr[ ](COS(T)_fi[ ]) ) (e—bi[ ](r—l,[ ]) ) (8)

i=1
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In Eq. (8), the first three terms are a fit along the N-H1 bond stretch
with the amino hydrogens flat in a plane [Fig. 1(b)] and all other
coordinates at the ground-state equilibrium structure. In the fourth
term, the value, 1, comes from taking the cosine of the improper
torsion angle when the amino structure is flat [cos(0°) = 1]. This
term grows as the amino hydrogens approach one another. Similar
to the Uy equation, the contribution from this term goes away as
the N-H1 bond dissociation coordinate increases. The final term is
a summation of five Gaussians, which also goes to zero as the N-H1
bond distance increases. The parameters can be found in Table S2.

The diabatic coupling, Uy, is described along the two-
dimensional primary coordinate grid by

U2 (rN-H1, THI-N-C-H2)

- 24: (6"’1’[]2]("9['2])2) ' [Kj[12] + /1.1 = cos(r)?
=1
2 12 12])?
b S o) )] 9)
s

Similar to the equations for the diabatic potentials, this equation uses
Gaussians along the stretch and improper torsion coordinates. The
improper torsion angle also makes use of a semicircle-like equation
with radius (1.1)"2. By setting the radius to (1.1)*? instead of 1, the
derivative is defined at 0° and 180°. U, goes to zero as the N-H1
stretch distance increases to dissociation, which means that the dia-
batic potentials approach the adiabatic potentials in that limit. The
parameters are given in Table S3.

F. Tertiary fit

The tertiary coordinates are the N-H2 and C-N stretches,
three C-H stretches, the C~-N-H1 and C-N-H2 bends, three N-C-
H bends, three H-C-H bends, and the H2-N-C-H1 torsion. The
tertiary contribution also depends (parametrically) on the primary
coordinates. In the original APRP paper,” harmonic terms param-
eterized with Hessians were used for tertiary contributions, which
made the dissociation of the tertiary bonds impossible. In this work,
the tertiary contributions were derived by fitting electronic structure
data points. The tertiary fit parameters were determined at specified
locations along the two primary coordinates; these are the anchor
points. Two-dimensional tent functions that depend on the pri-
mary coordinates were used to interpolate the tertiary contribution
between the anchor points.

The equations for the tertiary coordinates are given in this sec-
tion. The parameters for these equations at all the anchor points are
given in the supplementary material in Tables S4-S26. In the equa-
tions, the superscripts in square brackets, [, m], are an indexing
system for the anchor points. The functional forms of the tertiary
contributions are the same for U;; and Uy, but the parameters are
different. The diabatic coupling, U1», takes a different form from Uy,
and Uy, for all tertiary coordinates.

The functional form for the N-C-Hx bends is

n,m n,m [n,m] 2
7] UIEJ,C,]HX = FI[\LCJH : (eNfC—Hx - B(Iil—CfH ) > (10)

where x can be 5, 6, or 7. The subscript in front of the U indicates
the surface (J] = 11 or 22). This notation is removed from the right
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hand side for brevity. In this equation, FI[\;TC"}H is an anchor point

dependent parameter; 6&_C_H[n'm] is the angle of minimum energy
as a function of bending at anchor point [#, m] (this is a simplifica-
tion for the three bends because they have slightly different values
along the anchor points). The parameters at every anchor point are
given in Tables S4 and S5 for ground and excited states, respectively.
The tertiary contribution to the Uj, element was set to zero for dis-
placement along this coordinate because the adiabatic potentials are
essentially equal to the diabatic potentials along the N-C-H bends.
The form for the C-Hx stretches is given by

o ]} \ 2
A N (R G ) IR

where x can be 5, 6, or 7. This equation has parameters, Fgff_[" ! and

ac_u™™ . The parameter rOC,H[n m] is the minimum energy stretch

distance at anchor point [#, m] (this is a slight simplification as the
three stretches actually have slightly different values). The parame-
ter values are given in Tables S6 and S7 for the ground and excited
states, respectively. The equation is a Morse potential, which allows
the bond to dissociate. The tertiary contribution to Ui, for displace-
ment along this coordinate was set to zero because the adiabatic
potentials are essentially equal to the diabatic potentials along the
C-H stretch.

The functional form of contributions along the N-H2 stretch
for U11 and Uy, is given by

2
[n,m] _ p[nm] R L | (nm]
U = Pl - (1-e ™ (=)

[m] o [wm\*
+ GN_"QZ : (T’N-Hz — 'N-H2 ) . (12)

The first term is a Morse potential with parameters FI[\I'ig,

an-m2™™, and r%,Hz[n’m], which is the minimum-energy stretch at

the anchor point [n, m]. The second term is a simple quartic func-

tion of rn_m2 centered at r(ﬁ],m[n'm], with leading coefficient, Gl[\;l_’g]z.

This second term prevents the N-H2 bond from dissociating, which
is a major restriction made for our DPEM to be discussed in more
detail in Sec. I1], but we mention here that this is one reason why the
DPEM is semiglobal rather than being globally accurate for all pos-
sible geometries. The parameter values for the ground and excited
states are given in Tables S8 and S9, respectively.

The tertiary contribution to Uy, along the N-H2 stretch is

— [wm] )
UUIEIVEIV{”; — H]E;ljgg e WN-H2 (Tanz ANz ) . (13)

This equation is a Gaussian with parameters H&"_gg, wn-m!™™, and
An-12 "™ whose values are in Table S10.

The tertiary contributions to the diabatic potentials and dia-
batic coupling for the C-N stretch have the same functional form
as N-H2 [Egs. (12) and (13)]. The values for these parameters at
all the anchor points are given in Tables S11-S13 for Uy, Ua, and
Uz, respectively. These parameters have the same naming conven-
tion as for Eqgs. (12) and (13), but the N-H2 subscript is replaced
by C-N.

ARTICLE scitation.org/journalljcp

The functional form of the C-N-Hx tertiary contributions for
U11 and Uy, are given in Eq. (14), where x is 1 or 2; the parameters
for these two bends are very similar for anchor points at small N-H1
distances, but the C-N-H1 contribution goes to zero at large N-H1

distances. The equation has parameters ngly\ln!Hx and GOC,N,HX[n’m],

which is the minimum energy bend at the anchor point [n, m] for
the bend, C-N-Hx. The tertiary contribution to Ui, for both bends
has a Gaussian form as shown in Eq. (15), with parameters Hgi{\? _]HX,
ween-n™™ and Adcon-mc ™™ The parameters for these equations
are given in Tables S14-S19 in the order: U1, Uaz, U, for x = 1, then
U11, Uzz, U]z forx = 2,

: , (] \?
pUC = FE (COS(GC—N—Hx) - COS(GOC_N_Hx . )) ,
(14)
7 Ug;fn_]Hx = Hgif\fn_]m e (C"S(HC’N’”X)’AC’N’”X[W])2.
(15)

In addition to the tertiary equations given above, with parame-
ters fitted to ab initio electronic structure data, we also included two
tertiary functions based on qualitative considerations. To account
for amino group rotation relative to the methyl group, we included

7 UIEIYLZ’TI\]I—C—HS = Hg;irgfcfm - (1 = cos3(THa-N-c-H5 — T7))

(rt2-ms=di 115)*

X e ~@H2-H5 . ( 1 6)

In this equation, the amino and methyl hydrogens interact through
a torsion term. The term becomes smaller at larger H2-H5 bond
lengths due to the Gaussian term. The contribution from this
equation was very small, but we saw a clear improvement in fre-
quency calculations with its addition. The N-H1 torsion is not
included in this tertiary contribution because attempting to include
it caused small but unphysical adjustments to the minimum-
energy structures. The parameters (HIEI"Z’TI\]I_C_HS, duz-ns, Tr, and
wH2-p5) are given in Tables S20 and S21 for Uy and Uy, respec-
tively. Only the parameter, H{I';’i"h]LQHS, is dependent on the anchor
point. No contribution to Uy, was included for this tertiary
coordinate.

The contribution from the three H-C-H bends on the methyl
was included by

(-dun)®

i U}[I”_"c"_]H => HI[{"_@H (Bix-cony — Ancn)’ e e, (17)
X<Y

which is a pairwise summation of the three interactions. In this equa-
tion, x and y can be 5, 6, or 7, but x cannot equal y. The contribution
from these terms is small, but again we saw an improvement in
our frequency calculations when it was included. The contributions
from a HCH interaction will go to zero if one of those C-H bonds
break due to the Gaussian term. The parameters (Hgfg!H, AH-C-H,
du-n, and wy-p) for Uy and Us, are given in Tables S22 and
§23, respectively. Only the parameter, HI[{"E}H, is dependent on the
anchor point. No contribution was included for Uy, for this tertiary
coordinate.
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The tertiary potential at an anchor point is the sum of all the ter-
tiary contributions at that anchor point and a constant, jyconst™™!,

I]U[”’m](R) = Z UUS[;::;E[ + Z []Ub[:r’::] +Uconst[n’m], (18) -—--Q.r—---é-'-'\é_-_‘

stretches bends

- A T
where ;U™ (R) is the tertiary energy contribution at anchor point r N-H1 W V‘"
[n, m] for the diabatic state, IJ, where I can equal J. The R stands :
for all the tertiary coordinates. The constants are given in Table S24. :
They were calculated by solving for the tertiary contribution at each A‘t -‘Z" t‘t
anchor point with the tertiary coordinates at the ground state mini- 2 K R
mum structure and multiplying this energy contribution by —1. The N N N

constants adjust the zero of energy so when the tertiary coordinates
are at the ground state optimized structure and the primary coor-
dinates are at anchor points, the total energy will equal the energy
of the primary coordinate fit (i.e., the tertiary contribution will be ( )
zero). At other structures, the tertiary contribution could result in cos TH 1-N—-C—H?2
a total energy that is lower or higher than the primacy contribution
depending on the tertiary coordinates’ minimum structures at every
anchor point.

Previous work with APRP has involved one-dimensional tent
functions.” " For this system, we have generalized that approach
to two dimensions. As can be seen in the equations above, the T[M] =1 {
tertiary contributions and tent functions have a two index nam-
ing convention; the first term in brackets, n, corresponds to the
index along rn-m1 and. the secor}d term, and m is th.e index al‘ong (r B r[21)4(cos(f) _ cos (T)[l])4
cos(Ta1-N-c-H2). The interpolation between the tertiary contribu- il _ i
tions at the different anchor points (17 Uersiary) is calculated by 2)2(=1 (r _ )4( cos(7) - cos (1) (1] )4

FIG. 2. Schematic of anchor point locations along the primary coordinates.

(1]
r<r
20
cos(t) < cos (1)1, (20)

4 3
1§ Uertiary = ., 2, pUP™M(R) - T (nann, tinon-com). (19) (21)

n=1m=1

A <r <2
cos(T) < cos (T)[l],

In this equation, T[”’m](rN_Hl,THl_N_c_Hz) is the tent function. . .
These anchor points are located at four N-H1 bond distances at (r— r[l]) (cos(‘r) - cos (T)[Z])
approximately 0.7 A, 1.0 A, 2.2 A, and 3.5 A and at three H1-N- Tt - :
C-H2 improper torsions at approximately 0° (which corresponds to 3,:1 (1’ - [t ) (COS(T ) —cos (1) (1] )
planar CNH;), 61° (the optimized improper torsion), and 100° (a
higher-energy structure with H1 and H2 closer to each other). This r< ]
yields 12 anchor points; a schematic of the anchor points is shown cos (T)[l] < cos(T) < cos (r)[z],
in Fig. 2. The leftmost anchor points are located at cos(100°) and the
right most points are at cos(0°).

All three anchor points with N-HI at 3.5 A along the torsion 21V 21\
coordinate are given equivalent parameters, that is, ;y U™ (R) was il _ (r - ) (COS(T) — cos (1) )
Fhe same for al.l m. At this diste_mce along the N-H1 bond length, the 2 g2 (r _ I )4(605(‘[) "~ cos (T)[”] )4 >
improper torsion has a negligible effect because the two hydrogens x=2 e
stop interacting. In Fig. 2, these anchor points at N-H1 = 3.5 A are {

(22)

r[I]Sr<r

cos (1)1 < cos(1) < cos (1)), (23)

shown along a red, dashed line.

An example is shown in Egs. (20)-(23) of the four nonzero tent
functions, T, at the [1, 1] anchor point, which depends on the val-
ues of the two primary coordinates (shortened to r and 7). The tent . .
function for a general anchor point, (p, q), is given in Egs. (24)-(27). (r — r[P‘l]) (cos(T) — cos (1) [‘7’1])
When the coordinates do not fall between tent function’s anchor rleal - e
points, that tent function is zero. For example, when the primary Z;:P_l Y (r- r[X])4(cos(T) - cos (T)[”])
coordinates are smaller than ! and COS(T)[I] [Eq. (20)], all the tent
terms except for T1"! are equal to zero (T2 = T3 = 7122 — ... {r[p—l] <7< rlP] 24)
= 7133 = @), cos (1)1971 < cos(7) < cos (1)1,
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(r - r[p+1])4(cos(r) ~ cos (T)[qil] )4
Zpﬂ Zn -1 (r- r[X])4(cos(r) — cos (T)[ﬂ])‘*’

o) oy T[pn]
{ 1 < cos(1) < cos ()[4,

T[P>‘1]

cos (T) (25)

(T - 7D711)4(COS(T) — cos (r)l!] )4
ZX =p—1 Zqﬂ (r - V[X])4(COS(T) — cos (T)[”])4

Jo-11 0]
cos (1)1 < cos(7) < cos ()[4,

T[P>‘1]

(26)

(=) st —on )
ST ) (o) e )

A0 ¢y < o]
cos (1) < cos(7) < cos ()l

T[qu]

(27)

Ill. RESULTS AND DISCUSSION

Subsection III A considers only the direct results of the DQ
diabatization (without fitting), and Subsections I1I B-III I consider
the results obtained from the fits. In Subsections III B and 1] D, we
will compare some of our results to experiment and to the following
previous calculations:

e XMSI13 direct (i.e., not fitted) MS-CASPT2 calculations
with a SA-CASSCF(8,8) reference function by
Xiao et al.’

e TLM14 CCSIB and EOM-CCSD calculations by Thomas
etal.”’

e LGHI8  CC3 adiabatic calculations by Loos et al.””

o WXGY19 results calculated from a DPEM fit to MR-CISD

calculations with a SA-RASSCEF reference func-
tion by Wang et al.'®

In Subsections 111 B-1I1 E, we will present some comparisons of adi-
abatic potentials computed from the DPEM fit to directly calculate
adiabatic results, and Subsection III E shows some comparison of
the APRP DPEM to the values that were fit.

A. Diabatization

Before showing results from the fitted potentials, this section
first gives the direct results without ﬁtting, adiabatic energies and
diabatic energies are shown in Fig. 3 for slices along the (a) N-
H1, (b) C-H7, and (c) C-N stretch. All other internal coordinates
have their ground-state equilibrium values. For the slices shown
in this figure, the adiabatic energies are widely separated. For the
N-H and C-N stretches, the diabatic potentials cross, while along
the C-H stretch, there is not a crossing, and the diabatic potentials
are approximately equal to the adiabatic potentials. This is consis-
tent with previous findings™* that the N-H and C-N dissociations
involve a change in character of the So and S; states, while C-
H dissociation does not. This change in character comes from the

ARTICLE scitation.org/journalljcp
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FIG. 3. Adiabatic potentials and DQ diabatic potentials along three bond dissocia-
tion coordinates: (a) N-H1, (b) C-H7, and (c) C-N.

evolution of the p orbitals along the N-H and C-N dissociation
pathways; the ground state at the equilibrium structure evolves dia-
batically to the excited state at dissociation, and the excited state at
the equilibrium structure evolves diabatically to the ground state at
dissociation.

As mentioned already, in previous work where we studied
small test systems using the DQ method, we mainly used constant
weights on the quadrupole terms,”””* but for the present system,
we were not able to find constant weights that worked along dif-
ferent slices, and therefore, we switched to coordinate-dependent
weights, as described in Sec. I1. Figure 3 shows that the results for the
DQ diabatization method with coordinate-dependent weights work
well. The present application to methylamine therefore supports
previous findings’>’" that the DQ diabatization method can produce
smooth diabatic potentials, and it also demonstrates the usefulness
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of coordinate-dependent weights on the quadrupole contribution
for a polyatomic system.

B. Excitation energies and dissociation energy

The vertical excitation energy is the difference of the ground
and first-excited state energies at the ground-state equilibrium
geometry. Table IT compares the vertical excitation energies of our
APRP DPEM with adiabatic data from XMS-CASPT2(6,6) used to
create the fit and with previous work. These results agree well.

Our APRP fit shows good agreement with our XMS-
CASPT2(6,6) calculations indicating a good fit in this region. Our
vertical excitation energies are slightly higher than those calculated
by Xiao et al. (XMS13).”

The classical adiabatic excitation energy is the energy difference
of the excited-state and ground-state minimum-energy structures,
and the 0-0 excitation energy is the quantal adiabatic excitation
energy, which is the energy difference between the zero-point lev-
els of S; and Sp. In Table 111, we compare the classical adiabatic and
0-0 excitation energies from the APRP surface, electronic structure
calculations in the literature, and experiment.

For the classical adiabatic energy, the APRP results agree well
with the XMS13 calculations but are smaller than the WXGY19
result. For the 0-0 excitation, the experimental value has been
debated,'" which is why multiple values are given in Table I1I. The
APRP surface is in better agreement with the lower 0-0 excitation
energy, but the reliability of the calculations is not high enough
to cast doubt on the most recent experimental determination, "’
which is very convincing.

In Table IV, we compare our N-H bond dissociation enthalpy
with the experiment at 298 K. Our APRP results are consider-
ably lower than the experimental value obtained from the Active

TABLE II. Vertical excitation energies on the adiabatic potentials.

Method Type So-S1 (V) Reference
APRP From fit 5.70 This work
XMS-CASPT2(6,6) Direct 5.65 This work
XMS13 Direct 5.57 5

TABLE lIl. Adiabatic and 0-0 excitation energies for the ground to first excited state
of methylamine.

Classical

Method adiabatic (eV) 0-0(eV) References
APRP From fit 5.08 4.89 This work
XMS13 Direct 5.03 - 5
TLM14 Direct 5.15 5.00 17
LGJ18 Direct 5.43 5.30 22
WXGY19 From fit 541 5.26 16
Expt. 1995 4.93 18
Expt. 2002 5.18 21
Expt. 2002-2003 ... . 5.17 10and 11
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TABLE IV. Bond dissociation enthalpy of the ground state of methylamine at 298 K
including the change in zero point energy.

Method AHo5 (eV) Reference
APRP 4.12 This work
Expt. 431 53

TABLE V. Bond dissociation enthalpy of the ground state of methylamine including
zero point energy.

Method AHy (eV) Reference
APRP 4.06 This work
XMS13 4.21° 5
TLM14 4.00 17
WXGY19 4.17 16
Expt. 425 51

*Computed by estimating the zero-point energy contribution as —0.40 eV.

Thermochemical Tables.” >’ Comparing our APRP fit to the XMS-
CASPT2(6,6) data that were used in the fitting procedure, we see
good agreement in that the equilibrium bond energies differ by
only 0.03 eV. This suggests that the discrepancy with the experi-
ment comes mainly from the electronic structure calculations and
not from the fits.

Table V compares our N-H bond dissociation enthalpy with
the available theoretical results in the literature at 0 K. All the the-
oretical calculations give too low of a bond energy. This differ-
ence from the experiment should be taken into consideration for
dynamics studies with our fitted surface or that of Ref. 16.

C. Equilibrium geometry and frequencies

The equilibrium geometric parameters of the Sy state calculated
with our APRP surface and with density functional theory (DFT)
are shown in Table VI. The DFT calculations were performed with
the M06-2X functional’* and the 6-31++G** basis set." " Com-
paring the two methods shows that all geometric parameters are in
good agreement. For the DFT optimized parameters, the C-H5 bond
length and N-C-H5 bend angle are slightly larger than the other
C-H lengths and N-C-H angles. The three C-H bond lengths and
three N-C-H bond angles from APRP are equivalent because of the
functional form of the APRP DPEM. As stated in Sec. 11, this was a
simplification we employed. We do not anticipate that this approx-
imation will have a significant effect on future studies involving the
surfaces.

The optimized structure of the methylamine excited state has,
for a long time, been assigned as having a pyramidalization change
from the optimized ground state.” This means that the amino group
moves toward a more planar structure. We calculated the optimized
excited state using our APRP surface and time-dependent density
functional theory (TDDFT). The geometric parameters are shown
in Table VII. The TDDFT calculations were performed with the
THCTHhyb functional” and the 6-31++G** basis set."’** Before
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TABLE V1. Geometric parameters of the Sy equilibrium geometry of methylamine
calculated with the APRP surfaces and DFT using M06-2X/6-31++G**.

APRP MO06-2X
Bond lengths (A)
N-H1 1.02 1.01
N-H2 1.02 1.01
C-N 1.46 1.46
C-H5 1.09 1.10
C-Hé 1.09 1.09
C-H7 1.09 1.09
Bond angles (deg)
C-N-H1 111 111
C-N-H2 111 111
N-C-H5 110 115
N-C-H6 110 109
N-C-H7 110 109
Improper torsion (deg)
H1-N-C-H2 63 61

comparing the parameters, we note an interesting, but energetically
irrelevant difference in structure between the two calculations. The
APRP excited structure has a “ciscoid” geometry, as defined by Xiao
et al.,” where H5 is approximately in a plane with C, N, HI, and
H2. This geometry was also found when optimizing the excited state

TABLE VII. Geometric parameters of the Sy equilibrium geometry of methylamine
calculated with the APRP surfaces and TD-DFT using 7-HCTHhyb/6-31++G**.

APRP THCTHhyb
Bond lengths (A)
N-H1 1.06 1.03
N-H2 1.06 1.03
C-N 1.43 1.42
C-H5 1.09 1.11
C-Hé6 1.09 1.10
C-H7 1.09 1.10
Bond angles (deg)
C-N-H1 120 121
C-N-H2 122 121
N-C-H5 108 106
N-C-Hé6 108 110
N-C-H7 108 110
Improper torsion (deg)
H1-N-C-H2 1 10
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using XMS-CASPT2(6,6). The TDDFT results are more similar to
what Morokuma describes as a “planar” geometry, where no methyl
hydrogens are in the amino plane. Xiao et al. found that the ciscoid
structure was ~0.002 eV higher in energy than the planar geometry.’
Because this energy difference between the structures is very small,
we believe that this discrepancy is not problematic.

Comparing the geometric parameters in this table, the APRP
results and TDDFT are mostly very similar, except for the H1-N-
C-H2 improper torsion; for TDDFT, this parameter is 10°, and
for APRP, it is 1°. These measurements translate to the amino wag
coordinate being slightly out of the plane for TDDFT vs the CNH,
essentially in a plane for the APRP. For XMS-CASPT2(6,6) (used for
the fit), the optimized excited state had an improper torsion value of
~4°, which is closer to our APRP value and likely contributed to the
difference in this parameter compared to TDDFT calculations. Xiao
et al. found the S; optimized state to have an improper torsion of
6°,” which falls between our results from the two electronic structure
optimizations.

A small difference is noted for the C-H bond lengths and N-C-
H angles; similar to the ground state, these parameters differ slightly
for TDDFT, while the APRP surface treats these bond lengths and
angles as being equivalent.

Figure 4 compares the vibrational frequencies of the APRP
adiabatic potentials and DFT methods for Sy [Fig. 5(a)] and S;
[Fig. 5(b)]. The data are in good qualitative agreement. For the S fre-
quency data, the mean unsigned percentage difference between the

___ 4000
o (aQ) mWAPRP
§ 3000 - ® M06-2X
)
& 2000 -
() 1
>S5
= anttilil
[N
1 5 10 15
Vibrational mode

___ 4000
o (b) mAPRP
§ 3000 ® -HCTHhyb
3
9 2000
w 4
>
g 1000 -
e

0

1 5 10 15

Vibrational mode

FIG. 4. Frequencies of the Sy and Sy equilibrium geometry of methylamine com-
puted with APRP and with DFT using M06-2X for the ground state and TD-DFT
using 7-HCTHhyb for the excited state. DFT and TDDFT calculations were done
with the 6-31++G** basis set.
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10 The optimized geometric parameters and frequencies of the
N-H dissociated species also show good agreement with DFT cal-
8 culations; these results are given in Sec. S2 of the supplementary
Y 1 material.
2 6]
w | D. Barrier on the excited surface and
4 minimum-energy conical intersection
2 The existence of a barrier on S; along the N-H stretch that is
1 associated with a saddle point has been well documented in previ-
0 ous work.” ” We optimized this structure with our APRP surface and
0.5 15 25 3.5 compare the resulting energies and geometrical parameters to those
FN-HL (A) obtained by other methods in Table VIII. The height of our bar-
rier is smaller than the XMS13 results and larger than the WXGY19
10 results, but it is in good agreement with the TLM14 calculations. All
1 (b) the methods show similar N-H bond distances, although again we
8 VZ have the best agreement with TLM14. The reported H1-N-C-H2
= improper torsions are all in good agreement; the amino group was
L 6 found to have a flat structure at the saddle point. All four methods
Ll 4 - have a ciscoid structure, i.e., H5 is in the same plane as the flat amino
] group. For all four methods, H5 is cis relative to the H1 around the
2 C-N bond stretch.
The minimum-energy conical intersection (MECI) is another
0 . , \ , important structure to characterize the surfaces, although one must
0.5 15 25 3.5 be cautious not to overestimate the importance of the MECI rel-

r ( A) ative to the importance of the whole accessible portion of the CI

N-H1 seam.’® We found the MECI geometry for our APRP surfaces using a
penalty function and Broyden-Fletcher-Goldfarb-Shanno optimizer,
as described in previous work.”*® These results, along with the
MECI results from other methods, are reported in Table IX. Our
MECI is a little lower in energy compared to the other methods, and
our N-H1 bond length is shifted to a slightly shorter distance. The
reported H1I-N-C-H2 improper torsions show good agreement.
The C-N-H1 bond angles are similar between the three method;
these values are all close to 120°. For all three methods, the MECI

TABLE VIII. Energy difference from the optimized excited state to the saddle point
and geometric parameters of the saddle point calculated for the adiabatic PES by
various methods.

FIG. 5. Adiabatic potentials along primary coordinates, the three slices are along
the N-H1 dissociation coordinate with the H1-N-C~H2 improper torsion at (a)
101°, (b) 61°, and (c) 0°. APRP results are the lines, and XMS-CASPT(6,6)

Method AEV)  rem (A THIN-CH2 (deg)  Reference

results are the circles and triangles. APRP 0.37 1.39 0 This work
XMS13 0.76 1.34 0 5
TLM14 0.42 1.37 0 17

two methods is 8%. Removing the frequencies lower than 1000 cm ™, WXGY19 0.28 1.31 e 16

the unsigned percentage difference improves to 5%. For the S; data,
the mean unsigned percentage difference is 16%, and removal of fre-
quencies lower than 1000 cm™ gives an improved mean unsigned
percentage difference of 6%. These results are encouraging for our
modified APRP approach. Previous APRP studies relied on Hessian

TABLE IX. Minimum energy conical intersection (MECI) energies and geometric
parameters from different methods.

data from DFT calculations and showed good agreement between MECI TN OcN
DFT derived frequencies and the APRP surfaces. Here, we did not Method V) rom (A) (deg) (deg) Reference
use DFT data but still have fairly good agreement with DFT frequen-
cies and DFT calculated geometric parameters. This is encouraging APRP 4.81 1.88 3 120 This work
because it would be very expensive to calculate vibrational frequen- XMS13 5.04 1.93 0 124 5
cies from XMS-CASPT2 Hessians, but here we did not use either WXGY19 4.99 1.95 .. 122 16
XMS-CASPT?2 gradients or XMS-CASPT2 Hessians.
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TABLE X. Adiabatic potentials and geometric parameters of the Sy/S conical intersection calculated with the APRP surface along a path with the selected 8¢_y_n4 values with

XMS-CASPT2(6,6) values at the same coordinates.

APRP XMS-CASPT?2
Oc-N-H1 (deg) Vi (eV) V (eV) Vi (eV) V (eV) - (A) rN-m2 (A) Oc-N-n2 (deg) THi-N-c-H2 (deg)
90 5.19 5.22 5.28 5.42 1.88 0.99 124 0
100 5.09 5.10 5.12 5.30 1.88 1.00 121 0
110 4.82 4.82 4.85 4,94 1.88 1.01 111 1
120 4.81 4.81 4.75 4,95 1.88 1.01 110 3
130 4.82 4.82 472 4,95 1.88 1.01 110 3
140 4.85 4.85 4,75 4,96 1.88 1.01 111 4
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FIG. 6. Diabatic energies and diabatic couplings along primary coordinates, all slices are along the N-H1 dissociation. (a) and (b) are the diabatic energies and couplings,
respectively, with the H1-N-C-H2 improper torsion at 101°; (c) and (d) are at 61°, and (e) and (f) are at 0°. The APRP results are the lines, and the XMS-CASPT(6,6)

diabatic potentials and couplings are the circles, triangles, and stars.
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geometries appear to be ciscoid, with H5 in plane with the amino
group and cis to H1 around the C-N bond.

Levi and co-workers'””’ found a conical intersection seam for
methylamine by exploring the surface around a structure with N-
H1 at 1.83 A, N-H2 at 1 A, and both C-N-HX angles around 120°.
The structure was ciscoid with the amino flat. By keeping all atomic
positions fixed except for H1, they found a seam along the C-N-
H1 angle. We have found a similar conical intersection seam in our
APRP surfaces. The energies and geometric parameters of our seam
are given in Table X along with XMS-CASPT2(6,6) calculations at
the same structures.

We calculated the lowest-energy conical intersection point for
each fixed value of the C-N-H1 angle, and the results are given in
Table X (note that V; is not necessarily equal to V, because the
optimization converged before the results was identical to 0.01 eV).
The resulting structures were consistently ciscoid with the amino
group in a plane with H5. Most bond distances and angles are
almost identical for all points on the seam, the one exception being
the C-N-H2 angle. For the first two entries (C-N-H1 = 90° and
100°), the C-N-H2 angle is close to 120°. At C-N-H1 = 110° and
larger bends, the C-N-H2 angle is consistently close to 110°. The
XMS-CASPT?2 results have a higher S; value, but the two states
are close in energy for the entire range, showing that the adiabatic
potentials resulting from diagonalizing the fitted DPEM have the
conical intersection seam close to its location in direct adiabatic
calculations.

E. Selected cuts and subsurfaces of the adiabatic
and diabatic potentials and diabatic couplings

In this section, we show various slices of our APRP surfaces
and compare the results to XMS-CASPT2(6,6) calculations at the
same geometries. We discuss both diabatic potentials and adiabatic
potentials.

Figure 5 shows slices through the adiabatic potentials along the
primary coordinates. Panel (a) has the H1-N-C-H2 improper tor-
sion set to 101°, panel (b) has it at 61°, and panel (c) has it at 0°.
These are the three values used for our anchor points. The N-H
bond distance ranges from ~0.6 A to 3.5 A. The APRP results show a
little bumpiness but otherwise are in good agreement with the XMS-
CASPT2(6,6) results. The slight bumpiness in the potential arises
from the fit of the diabatic coupling rather than from bumpiness of
the diabatization method.

Figure 6 shows the diabatic potentials and diabatic coupling at
the same coordinates as in Fig. 5. The APRP diabatic energies are
in good agreement with the data, but the diabatic coupling shows
some small discrepancies. When the DPEM is diagonalized, these
discrepancies cause the slight bumpiness discussed above in regard
to the adiabatic energies (Fig. 5), but overall, the APRP surfaces agree
well with the XMS-CASPT(6,6) results.

Figure 7 shows the APRP and XMS-CASPT(6,6) derived adi-
abatic potentials along the N-H1 stretch with the C-N-H2 angle
at either (a) 130° or (b) 80°. The C-N-H2 coordinate is a tertiary
coordinate in our APRP fit, so these slices demonstrate the tertiary
contribution to the APRP fit. There is some bumpiness in our fit
around ry-ni = 2.5 A, and this seems to come from some slight
bumpiness in the fit of the diabatic coupling (as opposed to being
produced by the diabatization method), but overall, the fit shows
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FIG. 7. Adiabatic potentials along the N-H1 dissociation with C-H-H2 at (a) 130°
and (b) 80°. APRP results are the lines, and XMS-CASPT(6,6) results are the
circles and triangles.

good agreement with the XMS-CASPT(6,6) data. The ground and
excited surfaces are well separated at 80° and closer in energy at
130°. This difference in energy separation between the states is likely
due to there being less distinction between p orbitals on the N as
the bend gets larger. The good agreement between APRP and XMS-
CASPT(6,6) for these data not included in our fitting procedure is
very encouraging.

In Fig. 8, we show slices along two tertiary coordinates, C-N
and C-H7. The results illustrate an important limitation of our
surfaces, namely, that they cannot dissociate along all bond dis-
tances. While the C-H7 bond is allowed to dissociate, the C-N bond
distance is not due to its functional form. As shown in Fig. 9(a),
the APRP energy contribution from the C-N stretch grows rapidly
around 2 A. The N-H2 bond dissociation (not shown in this fig-
ure) is also not allowed along our surfaces, and this is an important
limitation to keep in mind for future use of these DPEMs. As our
surfaces are designed to model N-H1 pathways, we believe that this
is an acceptable approximation.

In addition to showing this limitation, Fig. 8 also shows how
our surface extrapolates between anchor points. For the calculations
in this figure, the HI-N-C-H2 improper torsion was set to 30°
(approximately halfway between the anchor point values of 0° and
~60°) and the N-H1 bond distance was set to 1.6 A (approximately
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FIG. 8. Adiabatic potentials along the (a) C-N stretch and (b) C-H7 stretch with the
primary coordinates parameters: N-H1 = 1.6 A and H1-N-C—H2 = 30°. The APRP
results are the lines, and XMS-CASPT(6,6) results are the circles and triangles.

halfway between the anchor point values of ~1.0 A and 2.2 A). The
tertiary contribution at these structures depends on the parameters
at anchor points [2, 2], [2, 3], [3, 2], and [3, 3], but it is as far away as
possible from these anchor point inside a square on the grid.

For both C-N and C-H7 plots, the APRP V; results are a
slightly higher in energy compared to XMS-CASPT(6,6), and the
APRP V), results are slightly lower. Overall, the APRP results are
close to those from direct XMS-CASPT(6,6) calculations for these
structures that are far from anchor points.

Figure 9 shows the three-dimensional plots of our APRP sur-
faces along the primary coordinates. Figure 9(a) shows the diabatic
potentials, and Fig. 9(b) shows the adiabatic potentials. Trajectories
can be run in either representation.

F. Suitability for trajectory calculations

To check for possible holes, we ran hundreds of trajectories
with various starting conditions on S; and Sp; the initial conditions
for some of the trajectories have considerable energy in every mode,
and some of the trajectories are at high energy. The trajectories were
run using the ANT program with coherent switching with decay of
mixing in the adiabatic representation. These trajectories revealed
no unphysical holes, confirming our expectation stated at the end of
Sec. II D. Data for two sample test trajectories are presented in the
supplementary material.
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FIG. 9. 3D plots of the APRPs along the primary coordinates in the (a) diabatic and
(b) adiabatic representations. The diabatic potentials are the diagonal elements of
the DPEM, and the adiabatic potentials are the eigenvalues of the DPEM.

IV. SUMMARY

We constructed analytic diabatic potential energy matrices for
the photodissociation of methylamine by using DQ diabatization
and APRP fitting, with both methods being extended for the present
application. For the DQ diabatization method, we incorporated a
coordinate-dependent weighting scheme for the contribution of the
quadrupole moments, and we showed that using this approach,
we could get reasonable diabatic potentials along multiple dissoci-
ation pathways. For the APRP method, we fit data along tertiary
coordinates to new kinds of functional forms, and we used a two-
dimensional tent function to interpolate between the anchor points.
The resulting potential energy surfaces can be used in dynamics
studies of the photodissociation of the N-H bond.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following two files: (1) a
PDF file containing parameters for Eqgs. (7)-(18) (Tables S1-S26);
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geometric parameters and frequency calculations for the CH;NH
ground and excited states calculated from the APRP DPEM and
by DFT; Cartesian coordinates for the following structures calcu-
lated from the APRP DPEM: the optimized ground and excited
states for CH3NH», and CH3NH, the MECI, and the transition
state on Si; sample plots of energy vs time for trajectories ini-
tialized on S; and So; and (2) the Fortran routine for the poten-
tial and its gradients in the adiabatic and diabatic representations
and for the nonadiabatic coupling in the adiabatic representation.
The routine is also available from the online POTLIB library’ at
https://comp.chem.umn.edu/potlib/.
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