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IR Pump-probe spectroscopy
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Introduction

IR Pump-probe spectroscopy

<> @ pump pulse create a population

/\ @ probe pulse is used to follow the dynamics

J\ pump >I< @ Pump-probe spectra S(T,w), w = probe

frequency, T' = population time

Probe pulse induce three
processes

w @ ground-state bleaching

@ excited state emission

@ excited state absorption

@ By varying time, we can measure the vibrational relaxation time
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2D-IR spectroscopy in pump-probe geometry

ty t1 @ 2D-IR spectroscopy in pump-probe geometry
«——><—>
j\j\ @ Use of two pump pulses

WK o Fourier transform along time ¢;

probe
S(t1,ta,w3) = S(wi,t2,ws)

wq

single anharmonic oscillator
anharmonicity A
>

@ w1 = pump frequency
A i @ w3 = probe frequency

wo —
o @ to = population time

w3

Shim and Zanni PCCP 11 748 (2009)
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2D-IR spectroscopy in BoxCARS

. @ Originally 2D-IR was developped in BoxCARS
ty <> geometry

(_)ﬂ /\ V @ Each pulse have a different direction ky, ko, k3
J\

@ Non-linear polarization resulting from the interaction
with the pulses is measured using heterodyne
detection in specific directions

ky = —k; + ko + ks, ki =k; —ks+ks, kim=ki+ks—ks

ky=—k;+ko+ks

,,,,,,,,,,,,,,,,,,,,,,,,

Ny s N
sangp), o kn=ki—kytks

Asplund, Zanni, and R. M. Hochstrasser. PNAS 97, 8219 (2000)
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Introduction

Spectral diffusion

set of molecules in different environments

Hamm and Zanni, Concepts and Methods of 2D Infrared Spectroscopy (2011)
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Introduction

Example: liquid water

@ OH vibration of HOD in D5O
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@ 2D-IR probes the fluctuations of the hydrogen bond network
Loparo JCP 125 194522 (2006)
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Introduction

Example: carboxymyoglobin (MbCO)
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@ In MbCO the CO band show
two bands
@ A; and Aj states are

connected to the orientation
of the His64 side chain

Bagchi et al. JPCB 114, 17187 (2010)
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Introduction

Example: carboxymyoglobin (MbCO)
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@ The appearance of a cross-peak is the signature of the interconversion
between the A; and Ag states

Bagchi et al. JPCB 114, 17187 (2010)
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Introduction

Outline

@ Theoretical foundation of 2D-IR spectroscopy
@ Response function formalism
@ Model systems

© Molecular simulations
@ Classical dynamics
@ Mixed quantum-classical simulations
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Theoretical framework

@ Semiclassical description of the system-field interaction

e Molecular system is described quantum mechanically
o The laser field is described classically
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H(t) = Ho + V(1)
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Perturbation theory

@ Interaction with the field creates a macroscopic polarization P(t) = Tr [fip(t)]
p(t) = system density matrix in interaction with the field
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Perturbation theory

@ Interaction with the field creates a macroscopic polarization P(t) = Tr [fip(t)]
p(t) = system density matrix in interaction with the field

o Liouville equation idL(tt) - [ﬁ(t), p(t)} = L)p(t) = (L + V(1)) p(t).
@ Perturbation theory: p(t) = i ™M (t)
n=0

(n) = (—i) / dTn/ ndTn 1" /dT1 Go(t — )Y (10)
X go(Tn — Tn_l)Af/(Tn_l) .. 'g0(7-2 — Tl)ﬂf/(Tl)peq.

% (t) = exp (—1.%t) time-evolution operator without the field.

Peq Le=PHo equilibrium density matrix.
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Linear response

@ Linear polarization

POt =Y, /dt R () Es(t —t')

@ Linear response function

RGJ(0) = 10(0) ([ (t). fisl)  fra(t) = 10 ie 0"
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Linear response

@ Linear polarization

PO@)= [ A& RVEE(t—t)
0

@ Linear response function

RO =i6(t) ([a(t), 4l)  At) = ot e 1Fot
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Linear response

@ Linear polarization
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— 00
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Linear response

@ Linear polarization

PO(t) = / Y RYWE( —t')

— 00

@ Linear response function

RO() = i6() ([a(t), i) A(t) = ¢t e 00

PO (w) = RV (w)E(w) = cox(w)E(w)
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Linear response

@ Linear polarization
PO(t) = / dt’ RV (tVE(t —t')
@ Linear response function
RO() = 10() ([a(t), ) fa(t) = € e 0!
PY(w) = RY(w)E(w) = eox(w)E(w)

X" (w) = Im x(w) o Im RM (w) — absorption
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Linear response

o Example two-level system initially in the ground state: (fi(t)f) = pd,e“ot
o .
S(w) ~Re [ e (a(t)i) = miy 3w o)
0

—— D S(w)

wo

——|0) : w
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

4-wave mixing experiment: Third-order response

@ Third-order polarization

P@)(¢) :Z/O dt3/0 dtg/o dthff’gm;(tl,tz,ts)

Bé
X Eg(t — tg)E»y(t — t3 — tQ)E§(t — t3 —tg — tl)

Third-order response function

R®)(t1,ta,t3) = 1%0(t1)0(t2)0(ts) ([[[i(ts + t2 + t3), ity + t2)], a(t1)], fi])

Third-order response function is composed of 8 different correlation functions.

Using the phase matching condition and the rotating wave
approximation we can show that they don't all contribute to the spectra
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Phase matching condition

ki=—k;+ka+ks

SR

T kn—hkathky

@ Incoming field: sum of three laser pulses

3
E(r,t) = E(r,t) + E*(r, t) E(r,t) = Z Ep(t — Tp)eikp~r—iwp(t—7—p)

p=1

@ 7, center of the pulse, wy,: pulse frequency, &,: pulse enveloppe and k,:

pulse wavevector

P(g) (t) = Z ’P‘g?’)(t)eiksir ks = m1k1 + m2k2 + m3k3

m; =0,+1,4+2,4+3 |m1| + |m2| + |m3| =3

18/ 64
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Phase matching condition

o Maxwell's equations

1 O’°E 1 9?°P®)
VXVXE+§W7760?787§2
@ Third order polarisation generate a radiated field &.q(t) o< iP®) ()6 (k — k)
in the phase matching directions k;, = m1k; + moks + msks
@ In 2D-IR spectroscopy: the system interacts once with each laser pulse
ks = +k; £ ko + k3
o Rephasing spectra k| = —kj + ks + ks

o Nonrephasing spectra k; = k1 — k2 + k3
o Double-quantum coherence spectra k;; = ki + ko — ks

EMIE-UP 2019 19/64
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

2D-IR signal

e Signal is given by the dispersed radiated field Re aq(w) = Im P®) (w)
@ We consider short pulses compared to the system dynamics
Ep(t —1p) x §(t — 1)

S(ty,ts,ws) :Im/ dt st RO (¢, 1y, t3)
0

2N S
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Rotating wave approximation

@ Separation of upward transitions (4) and downward

transitions (fi7)

=it + i
[["(t) _ eiﬁotﬂ+e—iHOt o etiwot
2
A .» . fi fi
ﬂi(t) _ elHotﬂfeleot o e*l(.z.)ot ‘1>
e _ . At AT
@ Incoming field: E(r,t) = E(r,t) + £ (r, ) 10)

E(r,t) oc e w0l £%(r,t) oc el¥0!

o Rotating wave approximation (RWA)

Cyril Falvo (ISMO) Multidimensional Vibrational Spectroscopy EMIE-UP 2019 21/64



Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Rotating wave approximation

Rotating wave approximation (RWA)

V(t) ~ —ptE(r,t) — p=E*(r,t)

Rephasing spectrum k; = —k; + ko + kg3

Riq = 0(t1)0(t2)0(ts) ([~ (t1 + t2 + t3), i (t1 + t2)], 47 (1)), A7)

Non rephasing spectrum k; = k; — ko + kg3

Rigy = i°0(t1)0(t2)0(t3) ([~ (t1 + b2 +t3), 4T (1 + t2)], 4~ (1)), A7)

Double quantum coherence k) = k1 + ko — k3

Riqy = 1°0(t1)0(t2)0(t3) ([~ (t1 + to + t3), i~ (t1 + t2)], 4F (1)), A7)
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Rephasing spectra k;

@ System initially in the ground state peq = |0)(0|, with 27]0) = 0.
@ Only three terms contribute: Ground State bleaching (GSB), Excited State
Emission (ESE) and Excited State Absorption (ESA)

R, = 1*0(t1)0(t2)0(t3) ( REsg + Rise — REsy )

Rty ta,ts) = (a7t (1)~ (b + ta + ta) i (8 + 1))
REe(ty, ta,ts) = (W (b + t2) i (t + to + t3) AT (1))

REL, (t, ta,ts) = (0 7 (1 + to + t3)pt (01 + t2) A (1))

@ We have something similar for the k;; non-rephasing spectrum
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Double sided Feynman diagrams

o k; ESE term

REL (b, to,ts) = (i i (ty + to) i~ (b + to + t3) T (1))
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Double sided Feynman diagrams

o k; ESE term

Rebe(ti,to, t3) = (A it (b + to) i~ (t +to + t3) T (1))
REe(t,ta, t3) = Tr [peqit™ i1 (t1 + t2) i (t1 + t2 + t3) T (1)]
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Double sided Feynman diagrams

o k; ESE term

REL (b, to,ts) = (i i (ty + to) i~ (b + to + t3) T (1))
REe(t,ta, t3) = Tr [peqit™ i1 (t1 + t2) i (t1 + t2 + t3) T (1)]
Ree(tr, o, t3) = Tr [17 (b1 + t2 + ta3) i (t1) peait™ 1 (11 + t2)]
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Double sided Feynman diagrams

o k; ESE term

REL (b, to,ts) = (i i (ty + to) i~ (b + to + t3) T (1))
REe(t,ta, t3) = Tr [peqit™ i1 (t1 + t2) i (t1 + t2 + t3) T (1)]
Ree(tr, o, t3) = Tr [17 (b1 + t2 + ta3) i (t1) peait™ 1 (11 + t2)]

ESE
10)/0]
ts] o
L] [war
n] oar
00
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Theoretical foundation of 2D-IR spectroscopy ~ Response function formalism

Double sided Feynman diagrams
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Outline

@ Theoretical foundation of 2D-IR spectroscopy

@ Model systems
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Model systems

@ Anharmonic oscillator
@ Two coupled anharmonic oscillators

@ Anharmonic oscillator in a fluctuating environment
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Theoretical foundation of 2D-IR spectroscopy = Model systems

oo
Sk, (t1,t2, w3) = Re/o dt ests (Rlc('ss(tl’tmt?)) + RESe (t1, ta, t3) — RIE'SA(t17t27t3))

Résg(t1,to, t3) = Rebp(ty, ta, t3) = pug e 0 e wots
_ 12) ——
REEA(t1,to, t3) = pdy priqei @0t e i (w0 =Rt A
oty i ) —¥—
hg(t1, b2, t3) = Rgle(ti, o, ta) = pgre “0teieots wo
lEgA(tthvt?)) MOLU/ e letle_i(""O_A)tS |O> —Y
@ 2D signals

o0

S (w1, t2, w3) Z/dT e WGy (t1,t2, w3)
0
o0

S, (w1, t2, ws) Z/dT et Sy (t1, ta, w3)
0
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Anharmonic oscillator: Three level system

To simplify we take wy =0

1
k, GSB term Sg'SB(wl,tg,wg,) = ug, (7725(w1)5(w3) — >
wiws

1
ki GSB term Sgig(wi, ta,ws) = pi, <7r2(5(w1)5(w3) +— )
1W3
Purely absorptive spectra (w1, ta,ws) = S¥(wy, ta, w3) + SKI (w1, ta, ws)
S(wi,to,ws) = 2ud w26 (wr) (268, 0(ws) — pi46(ws + A))

ki ki ki + ku

wg w3 - - w3
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Model systems

Theoretical foundation of 2D-IR spectroscopy

Two uncoupled anharmonic oscillators

o
‘171> A w2 [

2

2,00 'Z’ )

N —
STl B i SR
|170> N t '

w1 3 w2 o

|0,0) |0,0)
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Two coupled anharmonic oscillators

11,1) =5
20) 5
w1 — A1 |
|170> N ’5‘]

w1 + w2
10,0) 3

We
10,2) 2|
A22
0, 1)

w4
0, 0)
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Two coupled anharmonic oscillators

W

3 10,2) |
) .

2100 3) & g
¢

2050

@

w4

wgf2nc (em™)
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Two-level system in a fluctuating environnement

Simple description of the effect of the environment on a two level system
(adiabatic approximation without back-reaction)

wou(t)
1) —5— [ MMMWW t

wo1 (t)
0) —¥—

@ wo1(t) can often be described by a gaussian stationnary stochastic process
Ho(t) is time-dependent

t
Time-evolution operator U(t) = T4 exp (—i/ HO(T)dT>
0

Linear absorption S(w) = Re/ dt et (t)
0

J(t) = ((t)n) = (OT (1) al () ) = pdy (e~ o wor (D7)

(...) = average over the fluctuations
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Two-level system in a fluctuating environnement

For a gaussian stochastic process the second order cumulant expansion is
exact

) =exp (o) + 5 (@)~ (@)

J(t) = pire 00w = (wor)

lineshape function g(t)

g(t) = /;dTl ATldTQ <5w(71)(5w(7'2)>, (5(,«)@) = wm(t) —w

Stationnary process (dw(71)0w(72)) = (dw(T1 — T2)0w(0)) = C(11 — T2)
Frequency fluctuations correlation function (FFCF) C(t) = (dw(t)déw(0))

olt) = / dr (t— 7)C(r)
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Two-level system in a fluctuating environnement

(Swo1 (t)dw(0))

@ Simple exponential decay

C(t) = (dw(t)dw(0)) = A2eA

2
@ Lineshape function g(t) (eiAt + At —1)

T A2
e Slow fluctuations A/A < 1, g(t) ~ 1 A?t? Gaussian lineshape

2 (w=—w)2
S(w) = | Tphbre” =7

@ Fast fluctuations A/A > 1, g(t) = ATQt = T't Lorentzian lineshape

T 2
S((JJ) — Ho1 —
I'? + (w—w)
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Theoretical foundation of 2D-IR spectroscopy = Model systems

2D-IR spectrum

o GSB and ESE terms

GSB ESE
10)(0] 10)/0]
ts] ol 1501
] oo 1yl
n] [mar o)1
00 oy (0]

.ot .ot ttott
Rlé'ss(t1, ta, t3) = RIEISE(t3,t2,t1) = <€1 Joo wmdr=if 127 W(T)d7>
_ eiw(tl—t3)e—g(tl)—g(t3)+f(t1,t27t3)

f(ti,ta,t3) = g(ta) + g(t1 +t2 +t3) — g(t1 +t2) — g(ta2 + t3)

@ Similar equations for ESA term
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Theoretical foundation of 2D-IR spectroscopy = Model systems

2D-IR spectrum

C(t) = (dw(t)dw(0)) = AZe=At

@ Spectral diffusion: time evolution show a loss of correlation between pump
and probe frequencies due to a decaying FFCF

w‘ Atzoﬂ | At2/063@ e =
wo-A  wp @ wo-A  wp @ mo‘- A u;n s wo = LA:q @
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Model systems

Theoretical foundation of 2D-IR spectroscopy

Quantifying spectral diffusion

o p Atz =251

w4

o Excentricity
Ad(t2) — A24(t2)

t =
“(t2) = R2(,) T A2, (ty)
@ Nodal Line Slope (NLS)

C(t)
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Theoretical foundation of 2D-IR spectroscopy = Model systems

Center Line Slope (CLS)

@ Slope of the line connecting the maxima of
the GSB/ESE peak at each value of wy. o

@ Assuming slow fluctuations we can show that

Ceis(t2) = 2(0)

Kwak et al. JCP 127, 124503 (2007)

@ Combining this results and using the spectral
width to obtain C'(0) we can in principle
extract the FFCF from the CLS

1.0
@ Taking into account fast fluctuations 08 -
we can show that the CLS is given by 06
the shifted and scaled FFCF 3 04+
02
C(tz + T)
Cas(te) =a———= 00 7
el = o el N

0 500 1000 1500 2000 2500
Falvo, JCP 144, 234103 (2016)

time (fs)
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Molecular simulations

Outline

© Molecular simulations
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Molecular simulations ~ Classical dynamics

Outline

© Molecular simulations
@ Classical dynamics
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Molecular simulations ~ Classical dynamics

Classical simulations in IR spectroscpy

@ Coherence is not uniquely a quantum effect
@ Most spectroscopic observation can be explained by classical coherences.

@ Classical dynamics is a powerful tool to model the spectroscopic response of
complex molecular system

RW(t) =10(t) Tr {u(t) [f1, peq]}

e quantum-classical correspondance #[-,-] — {-,}
0AOB 0BOA
dq; Op;  Oq; Op;

@ Poisson brackets {4, B} = Z

o Classical response function Rﬁll)(t) =0(t)5 (1(0)u(t))

@ The classical response function can be easily computed from a classical
equilibrium molecular dynamics simulations
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Molecular simulations ~ Classical dynamics

Classical simulations in IR spectroscopy

10144 J. Phys. Chem. A 2002, 106, 10144—10151

Vibrational Dynamics of the Neutral Naphthalene Molecule from a Tight-Binding Approach

Nguyen-Thi Van-Oanh, Pascal Parneix,* and Philippe Bréchignac

Laboratoire de Photophysique Moléculaire,’ C.N.R.S. Bat 210, Université Paris-Sud,
F91405 Orsay Cedex, France

Received: June 6, 2002; In Final Form: June 26, 2002

The static and dynamical properties of the neutral naphthalene molecule in its ground electronic state have
been investigated using a tight-binding potential. This semiempirical method has allowed us to obtain static
information concerning geometry and normal-mode frequencies. Tight-binding molecular dynamics coupled
with an adiabatic switching procedure has also given information on the anharmonicity of the potential energy
surface of such neutral aromatic molecule. Finally, the absorption spectrum of the neutral naphthalene molecule,
prepared in its ground vibrational state, has been calculated from the Fourier transform of the dipole
autocorrelation function and compared with the experimental data.
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Molecular simulations  Classical dynamics

Classical simulations in IR spectroscopy
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Figure 4. IR absorption spectrum calculated for the naphthalene
molecule in its ground vibrational state.
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Molecular simulations ~ Classical dynamics

Classical simulations in IR spectroscopy

10344 J. Phys. Chem. B 2003, 107, 10344—10358

FEATURE ARTICLE

Ab Initio Molecular Dynamics Computation of the Infrared Spectrum of Aqueous Uracil

Marie-Pierre Gaigeot’

Laboratoire de Physicochimie Biomoléculaire et Cellulaire, UMR CNRS 7033, Université Pierre et

Marie Curie, 4 Place Jussieu, Case courrier 138, F-75252 Paris Cedex 05, France

Michiel Sprik*

Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, United Kingdom
Received: March 27, 2003, In Final Form: July 16, 2003
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Molecular simulations ~ Classical dynamics

Classical simulations in IR spectroscopy

absorption [1000 cm™]

1000 121 400 1600 1800

Figure 4. Infrared absorption spectrum of uracil in vacuo (red) and in
aqueous solution (blue) as computed from Car—Parrinello trajectories
at a temperature of 20 and 310 K, respectively. Displayed is the 2000—
1000 cm! spectral domain of interest in biochemistry without any
quantum corrections applied (see text and appendix for results on
detailed balance corrections). The intensity of the 1619 cm™" vacuum
band is 6800 cm™! and has been truncated in the graph. Inset shows
the experimental infrared spectrum of aqueous uracil taken from ref
he 69.

Figure 1. 1
cubic bos size is 11.5 A. Periodic boundary conditions are applied.
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Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

@ Classical nonlinear response functions are not so easy to compute
o They require the calculation of Poisson brackets of dipoles at different times

t) Ou(t’) 0q;(t')
{n(®), n(#)} = Z aCIz ) O0q;(t") Op;(t )
Oq(t)  9p(t)
@ The stability matrix J(t) = g‘ég? 6q(0;> is usually difficult to compute

NN

Op(t
. \op(0)  Ip(0
and computationally demanding

=
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Molecular simulations ~ Classical dynamics

Non equilibrium dynamics

@ It is often easier to compute the classical nonlinear response function from
non-equilibrium dynamics

RO(t) = 1 Tr {(t) [11(0), peg)} = lim - {(u®))e0) — ()}

e—0 €
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Molecular simulations ~ Classical dynamics

Non equilibrium dynamics

@ It is often easier to compute the classical nonlinear response function from
non-equilibrium dynamics

RO(t) = 1 Tr {(t) [11(0), peg)} = lim - {(u®))e0) — ()}

e—0 €

@ (u(t))e(o) is the average of the dipole computed when the system interacts
with a short-time pulse at time t =0

H(t) = Hy—€ed(t)p
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Molecular simulations ~ Classical dynamics

Non equilibrium dynamics

@ It is often easier to compute the classical nonlinear response function from
non-equilibrium dynamics

RO(t) = 1 Tr {(t) [11(0), peg)} = lim - {(u®))e0) — ()}

e—0 €

@ (u(t))e(o) is the average of the dipole computed when the system interacts
with a short-time pulse at time t =0

H(t) = Hy—€ed(t)p

@ The nonlinear signal is then simply given by the contribution to the dipole
proportional to all three pulses

1
RO (ty,ty,13) = lim = {S123 — S12 — S23 — S13 + S1 + 52 + S3 — So}

S123 = (u(t1 +t2 +13))e0),e(t1),e(t1+t2)  S12 = (p(t1 + 2 +13))e(0),e(tr)
Sp = (u(ty +ta +13))c0) So = (1)
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Molecular simulations ~ Classical dynamics

Non equilibrium dynamics

@ It is often easier to compute the classical nonlinear response function from
non-equilibrium dynamics

RO(t) = 1 Tr {(t) [11(0), peg)} = lim - {(u®))e0) — ()}

e—0 €

@ (u(t))e(o) is the average of the dipole computed when the system interacts
with a short-time pulse at time t =0

H(t) = Hy—€ed(t)p

@ The nonlinear signal is then simply given by the contribution to the dipole
proportional to all three pulses

1
RO (ty,ty,13) = lim = {S123 — S12 — S23 — S13 + S1 + 52 + S3 — So}

S123 = (u(t1 +t2 +13))e0),e(t1),e(t1+t2)  S12 = (p(t1 + 2 +13))e(0),e(tr)
Sp = (u(ty +ta +13))c0) So = (1)

@ Mixed perturbative and non-equilibrium approaches have been introduced
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Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

@ Classical nonlinear response functions have also conceptual issues

Cyril Falvo (ISMO) Multidimensional Vibrational Spectroscopy EMIE-UP 2019 48 /64



Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

@ Classical nonlinear response functions have also conceptual issues

@ Classical nonlinear response functions diverge while this is not the case for
quantum nonlinear response function
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Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

@ Classical nonlinear response functions have also conceptual issues
@ Classical nonlinear response functions diverge while this is not the case for
quantum nonlinear response function

@ This is due to the fact that in classical dynamics the system remain very
harmonic
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Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

Classical nonlinear response functions have also conceptual issues

Classical nonlinear response functions diverge while this is not the case for
quantum nonlinear response function

@ This is due to the fact that in classical dynamics the system remain very
harmonic

Example: quantum response function for a three level system

Rk| (tla t2, tS) = 139(t1)9(t2)9(t3)2eiw0t1 (e*iW(]tg _ efi(WO*A)tg)
~ 0(t1)0(t2)0(t3)2e 0 e 710t At
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Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

Classical nonlinear response functions have also conceptual issues

Classical nonlinear response functions diverge while this is not the case for
quantum nonlinear response function

@ This is due to the fact that in classical dynamics the system remain very
harmonic

Example: quantum response function for a three level system

Rk| (tla t2, tS) = 139(t1)9(t2)9(t3)2eiw0t1 (e*iW(]tg _ efi(WO*A)tg)
~ 0(t1)0(t2)0(t3)2e 0 e 710t At

Similarly the classical response function will increase linearly in t3 as it gives
only the lowest order in the anharmonicity
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Molecular simulations ~ Classical dynamics

Classical nonlinear response functions

@ 2D spectrum of a Morse oscillator Reppert and Brumer. JCP 148, 064101 (2018)

Classical Quantum
w, (em™ 1) w, em™1)
1550 1600 1650 1550 1600 1650
(=] o
o EtA etB 5
g 72 ¥ |2
S E8f 1 8k
€ =~|1 1 =
Al o 20 T A A @ In the quantum case, the
2l C 6 2 gnharmomc shift is .
~a = 2 4. e independent of the time span
o
x E3L [ SE )
IR 1 A @ In the classical case the
£ ) S i oL - RF h ic shift d
= ) z?fs)ag 0 2%5)40 9 anharmonic shift decreases
L = with the time span.
2LE e | F 2 ‘
c 7o . ® |-
iglg & 2 g7
g S T8 ° 4 a
™| 63 1655 615 1650

L
1550 1600 %650

w, {em™!

1550 1600 1650
w, (em™)

Cyril Falvo (ISMO)

Multidimensional Vibrational Spectroscopy

EMIE-UP 2019

49 /64



Molecular simulations ~ Classical dynamics

Classical dynamics for nonlinear spectroscopy

@ Classical dynamics can only be used for linear spectroscopy

@ Use of classical dynamics to simulate nonlinear response function in the
mid-IR is difficult and not reliable.

@ This might still be useful for systems weakly anharmonic governed by large
fluctuations.
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Molecular simulations Mixed quantum-classical simulations

Outline

© Molecular simulations

@ Mixed quantum-classical simulations
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Molecular simulations Mixed quantum-classical simulations

System-Bath

@ Classical dynamics can not describe properly the nonlinear response

@ Full quantum dynamics can only be limited to very small system (up to ~ 10
atoms)

@ We can treat with QM a limited number of degrees of freedom and treat the
rest as a bath
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Molecular simulations Mixed quantum-classical simulations

System-Bath

Ho = H, + H, + AH

@ To describe the system-bath dynamics several methods have been developed
treating the dynamics of the reduced system'’s density matrix p(t).

o Perturbative treatment and markovian bath: Redfield master equation
o Non perturbative and non markovian Gaussian (continuous) bath: Hierarchy
Equation Of Motion (HEOM)
@ We can also assume that the bath is classical and use mixed
quantum-classical dynamics
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Molecular simulations Mixed quantum-classical simulations

Mixed quantum-classical simulations

quantum system classical bath

[9(t)) (qi(t),pi(t))

@ The effect of the classical bath on the quantum system is easy to take into
account: fluctuations

ar = (5 a0, m)) W)
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Molecular simulations Mixed quantum-classical simulations

Mixed quantum-classical simulations

Effect of the quantum system on the bath (back reaction) is less obvious
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Molecular simulations Mixed quantum-classical simulations

Mixed quantum-classical simulations

Effect of the quantum system on the bath (back reaction) is less obvious

@ Ehrenfest Billing The Quantum Classical Theory (2003)

F = ()2

i (Hb + AH) W (¢))
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Molecular simulations Mixed quantum-classical simulations

Mixed quantum-classical simulations

Effect of the quantum system on the bath (back reaction) is less obvious

@ Ehrenfest Billing The Quantum Classical Theory (2003)

Fi= {005

(#+A0) W)
o Surface-hopping Tully JCP 93 1061 (1990), |, (t)) = adiabatic eigenstates

() _ 9 ;
F = (6ut) - (Hy+ M) [00(0), Pocs
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Molecular simulations Mixed quantum-classical simulations

Mixed quantum-classical simulations

Effect of the quantum system on the bath (back reaction) is less obvious

@ Ehrenfest Billing The Quantum Classical Theory (2003)

Fi= {005

(Hb + AH) (1))
o Surface-hopping Tully JCP 93 1061 (1990), |, (t)) = adiabatic eigenstates
(@) _ _ 9 ;
F = (6ut) - (Hy+ M) [00(0), Pocs

@ In many cases if the bath is “large” and at equilibrium we can neglect the
system dissipation and only consider fluctuations

quantum system classical bath

() (¢:(t), pi(t))
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Molecular simulations Mixed quantum-classical simulations

Simulation of 2D-IR spectroscopy

equilibrium
MD simulation

(qi(t), pi(1))

quantum
Hamiltonian H(t)

2D-IR spectrum
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Molecular simulations ~ Mixed quantum-classical simulations

Carboxy-hemoglobin (HbCO)

@ 4 globular proteins: 2a sub-units -
2 (3 subunits

@ Each protein contains a heme group

@ 1 single band Clll dominate the
absorption

@ Presence of a distal histidine as in
MbCO

1.0

08

06

04

02

absorbance (arb. units)

0.0 . . N o =
1900 1920 1940 1960 1980 2000

frequency (cm™)

McClain JACS 126 15702 (2004)
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Molecular simulations Mixed quantum-classical simulations

Carboxy-hemoglobin (HbCO)

@ Use of a parametrized potential energy surface
V(ro; {r})
e 7o =CO bond length
e 7; =atomic coordinates of the protein and the
solvant

@ Parametrization performed using a set of dedicated
electronic structure calculations (DFT)

@ V(ro;{r;}) include effect of the heme vibration as
well as the protein and solvant through electrostatic

MD simu- V(ro;{ri}) fluctuating

lation r;(t) PES V (ro;t)

fluctuating
frequency w(t)

EMIE-UP 2019
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Molecular simulations Mixed quantum-classical simulations

Carboxy-hemoglobin (HbCO)

@ Linear absorption

0.4 .
M3 - no protein
0.2

1.2
1
m
2 o8
>
-‘l,é 0.6 M1 - full model
:; M2 - no Hisb8
B
c
Q
c

-0.2
1930 1935 1940 1945 1950 1955 1960 1965 1970
Frequency (cm'1)
Falvo et al. JPCL 6, 2216 (2015)
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Molecular simulations Mixed quantum-classical simulations

Carboxyhemoglobin (HbCO)

117111 SRR NSRRI I I I I [ T
ta = 0.5 ps 09 07 -05 -03 -01 01 03 05 07 09
Exp. Sim
T T T T T T
1960 * . . - E
Ex o
5 1e50 | 4+ -
i
1940 - ° o 4 F E
1 1 1 1 1 1
1920 1940 1960 1920 1940 1960
o (cm‘1) [oX (cm'1)

Falvo et al. JPCL 6, 2216 (2015)
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Molecular simulations Mixed quantum-classical simulations

Carboxyhemoglobin (HbCO)

117111 SRR NSRRI I I I I [ T
to = 2 ps 09 07 -05 -03 -01 01 03 05 07 09
Exp. Sim
W T T T T
1960 ' q-&® 4k E
— @o\
3 » Q .
5 1e50 | 4+ .
g 5
1940 |- 4 F -
L Vv 1 1 1 1
1920 1940 1960 1920 1940 1960
w (om™) o em™)

Falvo et al. JPCL 6, 2216 (2015)
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Molecular simulations

Carboxyhemoglobin (HbCO)

Mixed quantum-classical simulations

11711 ENMARERERRR NN | I T T [ I
to =4 ps 09 07 -05 -03 -0. 03 05 0.9
Exp. Sim
T -,I AR T T T T
1960 |- Rt - -
1960 P
5 1e50 | . .
- N
3
1940 |- 2 * - -
o L ‘s 1 1 1 1
1920 1940 1960 1920 1940 1960
w (om™) o em™)

Falvo et al. JPCL 6, 2216 (2015)
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Molecular simulations

Carboxyhemoglobin (HbCO)
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Carboxyhemoglobin (HbCO)
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@ The slow decay of the FFCF responsible for the change of shape of the 2D-IR
spectrum is directly connected to the fluctuation of the hydrogen-bond
between His58 and the CO molecule
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Conclusions

@ 2D-IR spectroscopy is a powerful technique to probe the fluctuations of the
environment

@ Classical dynamics can be used to simulate linear spectroscopy but in most
cases cannot be used for nonlinear spectroscopy

@ In many cases the environmental fluctuations can be taken into by a simple
fluctuating Hamitonian
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What's next ?

@ Other approaches have been (are being) developed to simulate 2D
spectroscopy

e Quantum non-perturbative approaches (Gelin and Domcke)
e Semi-classical approaches (Loring)
o | focused here on mid-IR 2D spectroscopy but other experimental technics
are of interest
o Surface specific methods e.g. 2D-SFG
o 2D-Raman, IR-Visible methods, THz, ...

@ | only presented a simple treatment of the system-bath interaction (no
back-reaction), we can use surface-hopping methods or HEOM,. ..
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