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Thermodynamics

- Gibbs energy G =A+ kT

= measures the maximum or reversible
work that may be performed by a
thermodynamic system at a constant
temperature and pressure

—AG
» Equilibrium constant K., = e RT
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Quantum Thermodynamics

Partition function: Z = Z e~ BEs
S

Thermodynamic properties expressed in terms of Z
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N, Gaussian calculation

* N, geometry optimization and vibrational frequency
= Options: ground state, DFT, B3LYP, cc-pVTZ

http://www.gaussian.com/g_whitepap/thermo.htm

Ochterski, Joseph W. "Thermochemistry in Gaussian." Http://www.gaussian.com. Gaussian, Inc., 19 Apr. 2000. Web.
<http://www.gaussian.com/g_whitepap/thermo.htm>.
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N, Gaussian calculation

* N, geometry optimization and vibrational frequency
= Options: ground state, DFT, B3LYP, cc-pVTZ

 Steps that Gaussian takes to calculate thermodynamic properties
1. Translational contribution - Ideal gas approximation
2. Electronic contribution — only ground state is accessible and E; =0
3. Rotational contribution — rigid rotor approximation
4. Vibrational contribution — harmonic oscillator approximation

http://www.gaussian.com/g_whitepap/thermo.htm
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N, Gaussian calculation Temperature Pressure
298.15K 1 Atm.
Z In(2) E C, S
(KCal/Mol) (Cal/Mol-Kelvin) | (Cal/Mol-Kelvin)
Electronic 1.000 0.000 0.000 0.000 0.000
Translational 0.583E+07 15.578 0.889 2.981 35.924
Rotational 51.266 3.937 0.592 1.987 9.811
Vibrational 1.000 0.007E-04 3.502 0.002 0.000
Total 0.299E+09 19.514 4.983 4.970 45.735
NIST source 45.7957 + 0.001

NIST Computational Chemistry Comparison and Benchmark Database,
NIST Standard Reference Database Number 101

Release 17b, September 2015, Editor: Russell D. Johnson 11l
http://cccbdb.nist.gov/
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» Systems in solution

Pes of 4 conformers of butane. Digital image. Http://chemistry.stackexchange.com/. N.p., 3 Oct. 2015. Web. 6 Apr. 2016. <http://i.stack.imgur.com/fgsHn.png>.
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Limitations
» Systems in solution

» Molecules with many rotational conformers
= Butane as shown below
b
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Pes of 4 conformers of butane. Digital image. Http://chemistry.stackexchange.com/. N.p., 3 Oct. 2015. Web. 6 Apr. 2016. <http://i.stack.imgur.com/fgsHn.png>.
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Nonadiabatic systems
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Born—Oppenheimer

H=T+V
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H:TN‘|‘VNN _hIA'{e,

Electronic Hamiltonian
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e VaN

Hypo = | Tn(R) + Vion (R) + H. (3 R) | (R)X(r; R)
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Solve for a given configuration R

Hép = |Tn(R) + Vn(R) 4+ Eo(R) | én(R)
= |Tw(R) + Ue(R)| 6n(R)



Nonadiabatic systems 34 H

Terminology Upo = H(R) X(r; R)

Nuclear Electonic

A A

- Adiabatic H = (1:11 1:12) + (VH ,\O ) Xa(r; R)
To1 1o



Nonadiabatic systems 34 H

Terminology

. Adiabatic H = (1:11

!

. Diabatic H = (A

T12) (Vll 0 ) .
~ -+ ~ XA (’I", R)
T22 O V22 Unitary
1 Transformation
Xp(r; R)



Nonadiabatic systems 34 H

Terminology Upo = H(R) X(r; R)

Nuclear Electonic
- Adiabatic H = (7:11 Tm) + (Vﬂ Y ) Xa(r; R)
T21 T22 O V22 Unitary
1 1 Transformation
- (Tu (o) [V Vs
. Diabatic  J — @][ ! ]) , (All ,\1,2) Xp(r; R)
159 \Var Vap/,




Nonadiabatic systems 34 H

Terminology Upo = H(R) X(r; R)

Nuclear Electonic
- Adiabatic H = (7:11 Tm) + (Vﬂ Y ) Xa(r; R)
T21 T22 O V22 Unitary
1 1 Transformation
- (Tu (o) [V Vs
. Diabatic  J — @][ ! ]) , (All ,\1,2) Xp(r; R)
159 \Var Vap/,

* Nonadiabatic
= Systems with close or intersecting energy surfaces
= Effects due to these off diagonal coupling terms
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Examples of nonadiabatic effects

 Drives essential parts of visible and ultraviolet photochemistry and
photobiology

 Collisions of electronically excited species
* Chemiluminescent reactions

» Electron transfer processes
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Conical intersections and

internal conversion Singlet excited states Triplet excited states
15) m————n : —— 1 3
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. I 1
i i
v : H 11
& : "/ I :t N
0 S S — H

state . . .
Vibrational relaxation

http://chem.libretexts.org/Core/Physical_and_Theoretical_Chemistry/Spectroscopy/Electronic_Spectroscopy/Jablonski_diagram

Sobolewski, Andrzej L., and Wolfgang Domcke. "The chemical physics of the photostability of life." Europhysics News 37.4 (2006): 20-23.
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Conical intersections and
internal conversion

Conical intersection

Molecular Geometry point at
which two potential energy
surfaces are degenerate (intersect)

Suzuki, Toshinori. "Ultrafast Internal Conversion of Aromatic Molecules Studied by Photoelectron Spectroscopy using Sub-20 fs Laser Pulses." Molecules 19.2 (2014):
2410-2433.

Horio, Takuya, et al. "Probing ultrafast internal conversion through conical intersection via time-energy map of photoelectron angular anisotropy." Journal of the
American Chemical Society 131.30 (2009): 10392-10393.
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Suzuki, Toshinori. "Ultrafast Internal Conversion of Aromatic Molecules Studied by Photoelectron Spectroscopy using Sub-20 fs Laser Pulses." Molecules 19.2 (2014):
2410-2433.

Horio, Takuya, et al. "Probing ultrafast internal conversion through conical intersection via time-energy map of photoelectron angular anisotropy." Journal of the
American Chemical Society 131.30 (2009): 10392-10393.



Nonadiabatic systems 39 H

Y T
Nonadiabatic effects Lo [~ PEs 1
T L] e PES 2
Y Ly | PES 3]
* Most discussion is in terms of Loy b o[- PES 4,
dynamics and relates to processes o Lo T PB Y

, PES 6
that occur over time

Energy (eV)
N

* Our focus is on thermodynamic
properties of nonadiabatic systems 1f Lh Ny S
in thermal equilibrium

_1 | | | | |
—4 —2 0 2 4

Dimensionless Coordinates (q)




Theoretical Developments 62 H

Proposal Overview



Theoretical Developments 62 H

Proposal Overview

» Path Integral Formulation
o Inclusion of electronic surfaces



Theoretical Developments 62 H

Proposal Overview

» Path Integral Formulation
o Inclusion of electronic surfaces

« Method 1: Direct calculation of Z
= Importance Sampling
= Monte Carlo Estimators



Theoretical Developments 62 H

Proposal Overview

» Path Integral Formulation
o Inclusion of electronic surfaces

« Method 1: Direct calculation of Z
= Importance Sampling
= Monte Carlo Estimators

* Method 2: Coordinate Scaling
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Feynman’s Path Integrals

* An isomorphism between discrete quantum mechanical description and
classical statistical mechanics of ring molecules

» Simulating classical systems are computationally advantageous

Quantum limit limp_, o

Classical limit P =1
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» Re-express vibronic Hamiltonian
H,i, = T(R) + U(R)
» Trotter factorize
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Analytical forms

* Probability distribution function of the system of interest
g {R}) = Tr[O(Ry, R2)M(R2)O(Rsg, R3) - - - O(Rp, Ry)M(R, )]

z= Jim_[d{R,}g((R)

* Probability distribution function of a system with no vibronic coupling

o({R}) = Tr[O(R1,R2)O(R2,R3)--- O(Rp,Ry)]
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Expected value of function f(x) with normalized probability distribution

function p(x
ronew (@), = o [ o) (@) d

N

o | @) dn = f;f(m e
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Monte Carlo estimator

Expected value of function f(x) with normalized probability distribution

function p(x) o
(f(z)), T p(2) /p(x)f(a;) dx
1 o o
P | P @) gy > Sl (%)
Monte Carlo estimator  (f(x)), = lim 3" f(z;)
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Importance Sampling

« Statistical method to reduce the variance of sampling

» Sampling from a distribution p(x)is equivalent to sampling with weight
1]9((35 from another distribution j(x)

- We would like to sample from o({R})
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z= [d®R}g((R))
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Method 1: Direct calculation of Z

z= [d®R}g((R))
_ g {R})
z= [amyo(ry Lo

Z ~ Jd{R,}o({R}) 4154
[d{R,}e({R}) ~  [d{R,}e({R})

Z < ({R})>
Jd{R,}o({R}) R}/,

{R})
2= (20 ([amyoum)
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Method 1: Direct calculation of Z

- (28 (Jomaim)




Theoretical Developments 70 H

Method 1: Direct calculation of Z

- (28 (Jomaim)

2 . 2
Ae —hyTin(z) | c, o L (122 _[-10Z
keT? \ Z 982 | Z a8

0 . 10z  9ln(Z)
S—aT(kBTl (Z2))| U= 708 o5
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Method 2: Coordinate scaling

(¢",B8")
(¢, B")

Z(B') = /dq o(q, B)’;
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Method 2: Coordinate scaling

(q',8')
(¢, B")

Z(ﬁ’)z/dqp(q,ﬁ)i Cqg=¢ Cdq=dq
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Method 2: Coordinate scaling

9(qd’, B') ,

N q B o
Z(ﬁ)—/dqa)(q,ﬁ)g(q,jﬁ,) Cqg=¢q Cdg=dg
07 (3 9,
8(5) _ /dq o(q, B) o5 [f(Q’,B’) .

~ [ Qa0(a.B) 555 £a' 5+ 88) ~ fd .5 - 28)



———— 10Ty
Method 2: Coordinate scaling

9(q’,8") /

Z(B') = /dq o(q, B) Q(Z, ) Cqg=q Cdg=dq
YAk 0
6’(6/?) = /dq 0(q, B) o5 [f(Q’,B’) .
~ [ Qa0(a.B) 555 £a' 5+ 88) ~ fd .5 - 28)
0%7Z 1

= /dq 0(¢,8) {f(Q’, B+ AB)+ f(¢,8—AB)—2f(d, B)]

062 32
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Method 2: Coordinate scaling

(¢',B8")
(¢, 8"

Z(B') = /dq o(q, 5)‘2



———— 10T
Method 2: Coordinate scaling

N 9(qd’, ')

Z(B") = /dqg(q,ﬁ) o(d . )
A=(e), ~T fof%dT CU—<C>9—<<(3$>Q
S:/OfC—dT U=<e>g:<2f>>9
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Sum over states method

Armadillo C++ template library 4 = Z e~ PEn

A:U_TS C . 1 ZEQB_/BEn U2
v ]fBTz . no 7
v= izE e~ PPn| S = B e PE In(p,)
Z ~ " Z - "
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Sum over states method

* Vibronic Hamiltonian (with coupling)

By + w1 (g — gm1)’ [1q j1q f1q f1q ]
g By + Swa (g — qma)” 1q g g
11q 11q Es + w3 (¢ — qms)” 11q j1q
i, 1q I, By + 3w (g — gma)’ 11q

I j1q j1q j1q j1q Es + 3ws (4 — qms)” |
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Sum over states method

* Vibronic Hamiltonian (with coupling)

] , _
Ei+ 2w (¢ — ¢m) 11q 11q 11q 11q
1 2
j1q Ey + 5w2 (¢ — qma2) j1q ; j1q j1q
g g Es + %WB (q - %113) Mg Hq
1 2
j1q 11q j1q Ey + 5w1 (¢ — Gma) j1q :
] i, 1q I, 1q Es + 5ws (g — ams)” |

» Harmonic Hamiltonian (without coupling)

Ei + w1 (g — g )’

0
>
Es + Fw (¢ — qm2) 0
q — Q'?ILS)Q 0 )
Ey+ w1 (q — Gma)

0 Ex + 3ws

Es + %wg

o O O O~
o O O~ O

o O -~ O DO

—_— o O O O

q — Qm5)2_
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Current Progress

» Completed Pl python script for uncoupled system

- (Y (o oim)
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Current Progress

Current Progress

» Completed Pl python script for uncoupled system

(] o eam)

g({R}) = Tr[O(R1, R2)M(R2)O(R2,R3) - - - O(Rp, R1)M(Ry)]

o({R}) = Tr[O(R1,R2)O(R2,R3)--- O(Rp,Ry)]
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Histogram of 10000 sampled numerator values for a single mode

2000 .

Current Progress o Sl

Surface 3
I Shift factor:1.2

g ({R}) —SfaceS
0 ({R}) 0 1500

1000+

density of box

500t
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Future

Implement support for arbitrary coupling propagator [IM(R;11)]

g, T i4-1

Implement quadratic and linear terms in SOS/analytical code(*correctly)

Implement analytic portion of Z calculation (/ d{R,}o ({R}))

Replicate the Python code in Fortran for increased performance
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Conclusions

Developed a path integral formulation for nonadiabatic systems

Developed two approaches to calculating Z

Derived estimators for thermodynamic properties

About to start testing convergence of Path Integral Code



