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What is a quartic force field?
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What is a quartie force field?
Definition

A vector field that describes a force acting on a particle at various
positions in space
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(a) A gravitational force field (b) A vector field
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What is a guartie force field?

The obvious
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What is a guartie force field?

The obvious
F = ma )
The more useful
ov oV oV
F=-VW=—(50% 37
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How does this relate to us?

r

Figure: Potential vs displacement for a 1-D harmonic oscillator
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How does this relate to us?

Suppose we do not know the potential energy function for a
molecule. How could we approximate it?
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How does this relate to us?

Suppose we do not know the potential energy function for a
molecule. How could we approximate it?

Use a Taylor series!
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How does this relate to us?

Taylor series

Definition
An infinite sum of terms that are expressed in terms of the
function’s derivatives at a single point, a

f/ f//
f(x)as =~ f(a) + 1('a)(x —a)+ 2(Ia)(x =) n
Example
" ed € el x?
e o~ aJrﬁ(x—O)Jri(x—O)QjL...:1+x+?+...
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What is a quartic force field?

You've probably seen this in all of our papers:
Definition

A quartic force field is a fourth-order Taylor series expansion of the
potential energy portion of the internuclear Watson Hamiltonian

And this in some of them:

Equation

Z Fil\iD; + = zk: FiiB Bk + o zk/: Fii DDA LA,
ij ij ij
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Where did Taylor go?

Let's expand the potential energy for the 1-D harmonic oscillator,
V/(r), about its equilibrium displacement req, and let this be equal
to zero.

1 1/dV 1 /d?*V
Ve = V) 51 (), (v () e
Feq req

1/d3V 1/d*V
+ 3'(dr3> (f—feq)”zu(cw) (r = req)*
req req

What do we know about the first two of these terms?
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Where did Taylor go?

Let's expand the potential energy for the 1-D harmonic oscillator,
V/(r), about its equilibrium displacement req, and let this be equal
to zero.

1 1/dV 1 /d?*V
Ve = g 51 (), v () e
Feq req

1 (d*V 1/d*V
ry () e () o
req req

What do we know about the first two of these terms?

» The first cancels because we defined req as our zero of
potential
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Where did Taylor go?

Let's expand the potential energy for the 1-D harmonic oscillator,
V/(r), about its equilibrium displacement req, and let this be equal
to zero.

1 dV
I’eq EM req 2| ( ) (r_ req)2

BV sy
+3!(dr3> (r = reg)’ + .<dr4> (r = rea)’
req req

What do we know about the first two of these terms?

» The first cancels because we defined req as our zero of
potential

» The second because the derivative at the minimum is zero
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Where did Taylor go?

This leaves us with

1 /d*V
V(r),eq ~ j <dr2> (r _ req)2
req

1/d3V
w5 () o
req
1 /d*V
( dr? ) (r= req)4
req

T

which should be looking vaguely familiar
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Where did Taylor go?

This leaves us with

1 /d*V
V(r),eq ~ j <dr2> (r _ req)2
req

1/d3V
ta(s )
req
1 /d*V
+4!(dr4) (r—req)4
req

which should be looking vaguely familiar

1 1 1
V = 5 Z F,'J'A,'Aj + 6 Zk F,'jkA;AjAk + ﬂ zk; F,'J'k/A,'AjAkA/
] ] y
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Where did Taylor go?

Let's zoom in on the first term. Looking familiar?

Comparison

1 (d*V
V() = 2|< dr2 > (r = req)?
reg

1
V=3 Z Fil\iA;
y

Quartic Force Field Training Fortenberry Patch



Where did Taylor go?

Let's zoom in on the first term. Looking familiar?

Comparison

1 (d?V
V(r)req ~ E <dr2> (r - req)2
H reg

1
V=3 Z Fil\iA;
y

1
V= E/<x2

The first term is just the harmonic oscillator potential energy,
accounting for the fact a second derivative can be two steps in one
direction (like x?), or one step in different directions (like A;A))
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What is a quartic fereefield?

Quartic just refers to the fourth-degree part of the Taylor series

AV,

The quadratic or harmonic terms give us the red curve, while the
third- and fourth-order terms treat the anharmonicity, giving
something like the blue curve.
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How do we make one?

Let's go back to our full quartic equation

1 1 1
V = 5 Z FUA,AJ + 6 ; F,'jkA,'AjAk + ﬂ % F,'jk/A,'AjAkA/
ij i

Of the terms here, we can “easily” get:
» V — comes out of Molpro
» A — can be anything we want, typically 0.005 A or radians

By the way, why the summations?
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How do we make one?

If we were to plot a 1-D case of taking steps (A) and computing
the energy with Molpro, we would get something like this

++++

But probably not this smooth
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How do we make one?

To go from the scatterplot to a potential function, we have to

» Fit a function to our points, linear regression
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How do we make one?

To go from the scatterplot to a potential function, we have to
» Fit a function to our points, linear regression

» Use that function to calculate the force constants (F,-J’kJ)

Recall
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How do we make one?

To go from the scatterplot to a potential function, we have to
» Fit a function to our points, linear regression

» Use that function to calculate the force constants (F;j « /)

Recall
F=-VV J

» Convert the force constants into frequencies

[ k
w=1/—
m
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Harmonic oscillator again




How do we make one?

“Fortunately” we have ancient programs that handle these steps
for us
» Anpass - fits the function to our points and generates the
force constants
» Spectro - determines the frequencies from the force constants
» Intder - the glue that holds all of the steps together

THIS IS HOWWEWOULD GET T0
WORK IF WE BELIEVE THE SAYING
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[ Je]ele]

Getting started

Geometry optimization

Looking back at these, we see we need to start off at a good
minimum

dV 2y
recl /QM req 2| < dr2 >r (r_ req)2
eq

% d*v
3| < dr3 > (r - reQ) + ( dr 4 > (r - req)4
req ! req

Cancelling the second term, in
particular, requires that we are at
the minimum energy structure
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Optimization

o] Jele)

Geometry optimization
Assuming Molpro

CCSD(T)-F12/cc-pVTZ-F12 example, also shortened to F12-TZ
(with my syntax highlighting “plugin™)

Quartic Force Field Tr: Fortenberry Patch



Optimization
[e]e] o]

Project management (optimizing you)
What | do

Once that's running, you have a little while to plan your attack

Molecule | Opt | Freq | Pts | Fregs | Int Notes
H,O X R R x | Warning in opt.out
H»S R X
S,0 R X

Opt - Molpro geometry optimization

Freq - Molpro harmonic frequencies

>

>

» Pts - QFF single-point energies

» Freqs - QFF anharmonic frequencies
>

Int - intensities, usually done in Gaussian

Quartic Force Field Training Fortenberry Patch



Optimization
[e]e]e] )

Project management

Dependencies/ordering

Freq
Opt
3
Pts —— Fregs

1 can be done with a script called freqgen.sh, and we'll cover the
others now
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Generating points

intder.in - anatomy

[N

4
5
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Generating points

intder.in - anatomy

Input directives
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Generating points

intder.in - anatomy

[N

FFN]
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Generating points

intder.in - anatomy
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Generating points

intder.in - anatomy

[N

FFN]
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Generating points

intder.in - anatomy

W

FFNN]
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Generating points

intder.in - general tips

» Spacing matters! Everywhere

» Don't use tabs

» Don't have trailing whitespace

» Copy a similar line from a known file to compare
» Spacing matters

r

6 feet

|
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Generating points

intder.in - general tips

That looks confusing. What do | actually change?
» Only the Cartesians for now (I think)
» Directives are in the manual if you really need them

» Internal coordinates are our next topic
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Internal coordinates

Definition
Coordinates with an internal reference, in contrast to Cartesian
coordinates, for example, which reference an external set of axes

Figure: Cartesian coordinates

Figure: Z-matrix: (hopefully)
familiar internal coordinates
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Internal coordinates

Simple internals

A single internal coordinate, like a bond stretch, bend, or torsion

Definition J
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Internal coordinates

Simple internals

A single internal coordinate, like a bond stretch, bend, or torsion

Definition J
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Internal coordinates

Simple internals

A single internal coordinate, like a bond stretch, bend, or torsion

Definition J
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Internal coordinates

Simple internals

A single internal coordinate, like a bond stretch, bend, or torsion

Definition J
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Internal coordinates
Symmetry internals
Definition J

Linear combinations of simple internal coordinates
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Internal coordinates
Symmetry internals
Definition J

Linear combinations of simple internal coordinates

r(O—H1)+r(O—H2)

Symmetric stretch
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Internal coordinates

Symmetry internals

Linear combinations of simple internal coordinates

Definition J

r(O—Hl)—r(O—Hg)

Anti-symmetric stretch
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Internal coordinates

Symmetry internals

Linear combinations of simple internal coordinates

Definition J

Z(H1-O-Hy)

Bend
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Symmetry

We can characterize a molecule, and its vibrational modes, based
on symmetry. Water has (5, symmetry, which is a pretty common
one in our research.

B ) O e e e
‘Al +1(+1 |+1 +1 z x2,y2, 22 |23, x2z, y2z
‘Az +1|[+1 -1 -1 R; Xy Xyz

‘Bl +1-1 +1 | x, Ry xz xz2, x3, xy?
By ||+1[-1 -1 +1 v, Ry yz yz2, y3, x%y

Figure: Symmetry or character information is found in character tables
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Symmetry

Symmetry operations

> Identity - E

» Rotation - C,, at left

» Reflection - o, at right

» |nversion - i, not shown

» Improper rotation - S,, not shown
> 51 =0
> S =

1

rotation reflbction A< >.(reﬂueﬁn
(operation) (operation) ~—_ - (operation)

—axis of
symmet .
(element mirror plane
(element)

><m|rr<:\r plane

(element)
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Symmetry

» Usually rotations and reflections are enough to assign a
symmetry, or when the symmetry is C,,, that's all there is

anyway.
» How do we do it?
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Symmetry

» Usually rotations and reflections are enough to assign a
symmetry, or when the symmetry is C,,, that's all there is
anyway.

» How do we do it? Back to the character table

N R R R P

A l+1(+1  |+1 +1 z x2,y2, 22 |23, x?z, y2z
Ay |[+1|+1 -1 -1 Rz Xy Xyz

By |+1]-1 +1 |1 X, Ry xz xz?, x3, xy?
By |[+1]-1 -1 +1 |y, Ry yz yz2, y3, xy

Quartic Force Field Training Fortenberry Patch



Points
00000000080000000

Symmetry

Determining symmetry

» Perform a symmetry operation

» |If the molecule looks the same, assign a 1
» |If the molecule looks the “opposite”, assign a —1

» Match your 41 values to rows of the character table

N ) ) e e

Ay |[+1]+1 |+1 +1 z x2, y2, 22 |23, x2z, y2z
Ay ||+1+1 -1 -1 Rz Xy xXyz

By [+1(-1 +1 -1 %, Ry Xz xz2, x3, xy?
By |+1]-1 -1 +1 |y, Ry yz yz2, y3, x2y
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Symmetry

Determining symmetry

What is the symmetry of the anti-symmetric stretch in water? Let
the main axis of rotation be the z-axis

e T ) e e

A |+1(+1  |+1 +1 z x2,y2, 22 |23, x%z, y2z

Ay ||+1+1 -1 -1 R, Xy Xyz

By |+1|-1 +1 -1 X, Ry Xz xz2, x3, xy2

By |[+1]-1 -1 +1 |y, Ry yz yz2, y3, x2%y
Y H(0-Hy)—r(O-Hy) z

Anti-symmetric stretch
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Symmetry
Why do we need it?

» Limits the number of displacements we have to calculate
» Part of what determines the IR activity of a mode

> It goes in your computational details
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Generating points

intder.in - water

W

4
5
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Generating points

intder.in - water

Figure: Water
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Generating points

Procedure

» Copy (yank) optimized geometry (in Bohr) from the Molpro
log file
> Paste it into the intder.in file and make sure alignment is
perfect
» Run $ intder < intder.in > intder.out
or something similar
P> Use pts-gen.py to generate the single-point energy
calculations from intder output
»> $ pts-gen.py h20 O H H
in our water example
» $ cd inp && sh submit
to submit the calculations
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Gathering output

» Grab all the energies from output files
> $ grep “CCSD(T)-F12b" *.out > energy.dat
or use check.sh
» Check that the number of energies is the same as the number
of displacements
» handy command for this is $ wc -| filename
“word count -lines"
» $ comp.py h20
to print missing ones to terminal
> $ comp.py h20 | sh
to submit them right away

» Remember to rerun grep or check.sh after these run!

Quartic Force Field Training Fortenberry Patch



Points
0000000000000000e

Preparing output

To minimize numerical noise, we want to work with relative
energies. That is, we need to subtract the minimum energy from
all of the other energies.

Figure: Want to go from this...
Figure: to this.

Use awk to do this, see relmaker.sh
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Anpass

With the relative energies in hand, we are ready to fit them to a
function

Figure: Example anpass input file
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Anpass

Formatting is again very important!

Figure: Example anpass input file
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Anpass

The first six columns in this case are the displacements. The final
column is the relative energies, which you need to replace with
your data
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Anpass

Once the input file is set up:
» Run anpass with $ anpass < anpassl.in > anpassl.out
» Notice the 1 here, this is the first of two Anpass runs
» Go to the bottom of the first output file and make sure the
sum of squared residuals is less than about 1071°
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Anpass

After this:
» Copy anpassl.in to anpass2.in
» Copy the “long line” from anpassl.out to the bottom of
anpassl.in, above END OF DATA
» Cut the ISTATIONARY POINT line and paste it above the
“long line"
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Anpass

ISTATIONARY POINT
! END

Figure: anpassl.in bottom
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Anpass

Figure: anpass2.in bottom
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Anpass

What is the long line?
» In fitting our function, anpass can find a new minimum that is
slightly different from the one from Molpro
» The long line is the series of displacements that correspond to
this minimum, along with its energy

> The “I" is a comment, so we are telling anpass that the long
line is a stationary point and to run a slightly different
calculation
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Anpass

The other important thing anpass gives us are the force constants
in fort.9903

Figure: fort.9903

This takes us back into intder
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Intder

intder_geom.in

Anpass gave us a new equilibrium geometry in terms of symmetry

internal coordinate displacements. We need to use Intder to turn

that into a Cartesian geometry. Intder's main purpose is

undertaking these transformations for us, hence calling it the glue
» Copy your intder.in file from pts and call it intder_geom.in

» Change the number of displacements to 1 and delete all of the
displacements

» You may want to keep at least one or two for alignment
reference

» Take the nonzero lines from under WHERE ENERGY IS AT in
anpassl.out to be the new displacements
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Intder

intder_geom.in

I'm mixing my examples here unfortunately, so pay attention to the
displacements section only

Figure: intder.in from pts Figure: intder_geom.in

These are the same numbers from the long line, but formatted

more easily for our use
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Intder

intder.in

intder_geom will produce a new equilibrium geometry in Cartesian
coordinates that we can stick back in to a slightly different type of
intder file

» Copy any intder.in to the freqgs directory

» Take the new geometry from the very bottom of

intder_geom.out and replace the one in intder.in
» Delete everything below the Cartesian coordinates
P> The next line needs to be the atoms, with their masses

» You almost definitely want to copy one of these lines from
another file to get the alignment right
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Intder

intder.in

Figure: Our intder.in file so far
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Intder

intder.in

Now we need to read in the force constants from fort.9903

» You can read fort.9903 in directly with :r fort.9903, but there
is a lot of processing to do
» Instead, use format.sh; there are two ways to use it:

» My preferred way is to run it from inside vim with :r format.sh
> But you can also run it at the command line $ format.sh >
intder.bot
and save the output into a file that you then read in to
intder.in
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Intder

intder.in

-1.000000000 1.000000000

-1.000000000
-1.000000000
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Intder

intder.out

» Run intder: $ intder < intder.in > intder.out

> Verify that the harmonic frequencies at the very bottom
correspond to those from Molpro (if those have finished)

» Run $ tennis.sh to move the intder output files to the
filenames expected by spectro
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Spectro

spectro.in

You should be given a spectro.in file looking something like this
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Spectro

spectro.in

Don't worry about these, probably

Input directives, see manual

1

1
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Spectro

spectro.in

You will definitely need to change these

Geometry
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Spectro

spectro.in

Change these too, from nist.gov/pml/atomic-weights-and-isotopic-
compositions-relative-atomic-masses

Masses
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Spectro

spectro.in

You shouldn’t need to touch these, they should resemble the
simple internals from intder

Curvilinear coordinates

4
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Spectro

spectro.in

We'll talk more about these in a minute

Resonances
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Spectro

spectro.out

» Run spectro with
$ spectro < spectro.in > spectro.out

» Open spectro.out and search for “FUND" and it should look
something like below
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Spectro

spectro.out

» Now, jump to the top and search for “FERMI"
» This will take you to the resonances
» We only worry about the Fermi and Coriolis ones
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What is a resonance?

Fermi resonance

If two vibrational modes have the same symmetry and similar
energies, the higher energy mode will shift to higher energy and
the lower to lower energy, basically to get away from each other

[

. 2m' h(v+x) 2h(v-x)'
vt

Fortenberry Patch

Quartic Force Field Training



Introduction Optimization Point: Frequencies

000000000000 00000e00000000000000

What is a resonance?

The definition may be slightly different for Coriolis resonances, but
there wasn’t a Wikipedia page
Fermi type 1

An overtone band, an integer multiple of one frequency, has a
frequency similar to that of another band.

We see an example of this in our spectro.out file. 2vg &~ v5

80 cm~1! is a pretty huge difference, so the estimated perturbation
is zero, but often these frequencies line up perfectly and have a

1DSLdNLidl elle
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What is a resonance?

Fermi type 2

The combination of two lower frequency modes have a frequency
similar to one higher frequency mode.

Example

Let vg = 234.5, vs = 364.3, and v, = 600.1 cm~1.
Then vg + v5 = 598.8 =~ 1, and we could expect a larger
perturbation than seen for our type 1 example.
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Spectro

spectro.in again

How do we account for these resonances? We already saw how to
handle type | resonances in the example spectro file

This says that we have one type 1 Fermi resonance, in which
21/6 = Us.
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Spectro

spectro.in again

To handle a type 2 Fermi resonance, such as the one in our
example, we would add another block like this:

7+ FERMI2 355555
1

6 5 2

which again says that v + v5 = 11
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Spectro

spectro.in again

Fermi polyad

We can also have a situation where multiple combinations come
close to a single frequency. For example, both vg + 15 and 2uy
could be close to v,. This results in a Fermi polyad, which should

be handled separately.

Figure: Handling a Fermi polyad for TiyO,
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Spectro

spectro.in again

Basically if you have a polyad you need to make one of those
RESIN arrays. Everything on the right hand side of the equation
gets a row with a one in its column, and everything on the left
hand side gets a row. In the previous example, we had a row

1 0 0 0 0 0

which represents v1, which appeared in two type 1 Fermi
resonances, 2v4 = v and 25 = v1. The corresponding row for v
is
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Spectro

spectro.in again

The combinations of modes that make v5 and v; get their own
rows. Since in this case they are type 1 Fermi resonances, there are
twos in those positions. For 2v4, which equals v1, we get the row

0 0 0 2 0 0

and so on. If we had a type 2 Fermi resonance, say v3 + v4 = 11
too, we would add a row that looks like

0 0 1 1 0 0

The ordering of these rows does not matter, just make sure that
every left and right hand side is accounted for in equations like
V3 + g = 1.
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Spectro

spectro.in again

Coriolis resonances

I'm not as sure about the physical meaning of these, but think of

them the same way. Some combination of frequencies bumps into
each other and wants to push the other away. Regardless, we need
to handle them.

Figure: Coriolis resonances in spectro.out
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Spectro

spectro.in again

The way | read these are the first number, then the second, then
the letter. So 3, 2, C in the case of the first one here.

Figure: Coriolis resonances in spectro.out
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Spectro

spectro.in again

And that's basically the way you put them in. The weirdest thing
is that the letters are given by a vector. A—100,B—- 010,
andC—-001

Figure: Coriolis resonances in spectro.in
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Spectro

Vibrational data

» Run spectro again to finish up
» You can check FUND again to make sure it still looks right,
but to see where the resonances are taken into account, we
need to search instead for ZPT
» Here, look for the “STATE NO.” corresponding to 1 plus
whatever mode. State 7 for v, for example.
» You can also use my script inspectro, which will print the
harmonic, anharmonic, and resonance corrected frequencies,
although it sometimes prints a lot more too

» You also want State 1, which is the ZPT. We report this as
zero-point vibrational energy (ZPVE)
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Spectro

Vibrational data

Figure: Sample ZPT section Figure: Sample inspectro output
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Spectro

Rotational data

Spectro also outputs rotational constants, which can be found by
searching:

> BZA - A, B, and C rotational constants for every vibrational
state. BZA is usually A, BXA is B, and BYA is C. In this
case we have Ag, Bg, and (.
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Spectro

Rotational data

Spectro also outputs rotational constants, which can be found by
searching:

> DELTA, quartic distortion constants

Quartic Force Field Training Fortenberry Patch



Frequencies
00000000000000000000000000008000

Spectro

Rotational data

Spectro also outputs rotational constants, which can be found by
searching:

» PHI, sextic distortion constants
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Reporting

Units and precision

» Vibrational frequencies to 1 decimal place in cm™1!, ex. 627.4

CI‘I’I_1

» Harmonic frequencies are denoted w, (omega)
» Anharmonic frequencies are denoted v, (nu)

» A, B, and C, rotational constants to 1 decimal place in MHz

> A and & constants to 3 decimal place but no more than 5 sig
figs. Adjust units accordingly. For example, instead of
35154.123 kHz, use 35.154 MHz

» Bond lengths to 5 decimal places
» Bond angles (I think) to 3 decimal places
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Reporting

Mode descriptions

Given symmetry internal coordinates, S,, like those on the left,
which go in the Computational Details, we often want to describe
the resulting vibrational modes as linear combinations of them, as

on the right
Si(a)=r(Hi—-C1) @)
Mode Description Symmetry
— _ ] 0.965) aj
Syla) =r(Hi—C) () oy 0.955, o
1 o 1.005g by
S3(a1) = =[G = C3) +r(C2—G)] - ) 0y 0.685 +0.2853 a
2 o5 0.7455 +0.245, ay
X g 0.905]+0.1259 by
Sa(ar) = _Z[r(q —H)+HCi—H3)] @ o] 0.58511 +0.3159+0.095) by
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Reporting

Mode descriptions

Fortunately, you can find this information by searching
“ASSIGNMENT" in intder.out

In this case, basically every frequency lines up 1:1 with a symmetry
internal coordinate, but as shown on the previous slide this is not
always the case
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