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AN Vibrational spectroscopy Geneva 2013

A general-purpose tool for vibrational spectroscopy

* Objective
— an easy-to-use and reliable tool to compute spectroscopic
data beyond the harmonic level,
— in particular:
« vibrational averages of a wide range of properties
« vibrational energy level (transition energies)

Spectrosco py * transition integrals (band intensities)
* Requirements
— cost-effective
— usable as a black-box procedure
— able to account for environmental effects (solvent)

— scalable (memory, computational time) to sizeable
molecular systems

Anharmonic vibrational

Vibrational Spectrum Theoretical background
/N
Selection rules + intensity: observed transitions Beyond harmonic oscillator
+  Transforming to the molecule fixed axis frame * Reality: anharmonic potential o
— Transition dipole moment integral= ”“{,ele‘},vi vibgele - g7 — Good approximation: Morse potentiale-|
«  Dipole moment f Lt it L vib Cele U(Q)=D [1_e_B q ]2 0
— Expanded as a Taylor series in the vibrational coordinate g _ B moIecuI% dependent (curvature) & ::
* Non-zero transition probability 2 L 5 0 i
— some of terms non-zero _ aﬂ 0 H 2 * Vibrations ::: o harmonic De
— Permanent dipole moment H=HH a g+ aqz g +... — small displacements from R, 10 s anharmonic
— Dipole moment vary during vibrations \ €] € — Taylor expansion PR A S T S s s
+  Selection rules ") Y S s
— M- independent of g — do not influence selection rules (2) 1 aZU 1 aﬁu 1 a4U ~ RS
— Main selection rule dependent on linear term U (q) = 5 q2 +— — q3 +— 4 q4 +...
— Secondary selection rule — quadratic term, etc 2\ 0q 0 6\ aq 0 24\ 0q 0 )
- = . L Y
(1) Av=1 v=2 harmonic approximation anharmonic contributions |25 000 O
hot bands overtones . o . i ) -
(2) Av=2 v=1 * Solving Schrédinger equation for Morse
fundamental bands }hV>kT oscillator anh 1 1 2
(3..) Av=3.. v=0 L..=0 — Energy in cm'? EX' = v+= loHv+= | 0,7,
most transitions fromp=0  MaX 2




/\ Theoretical background

Harmonic and anharmonic

* Vibrationally averaged structure and properties
— R, - bond length corresponding to the minimum of PES
— R, - bond length corresponding to the maximum of P2

\ /.

v=1

/' Vibrational Spectra

* @, -harmonic wavenumber
* Y- anharmonic constant
* Anharmonic:

1 1Y
EX =l v+ loHo+> | o
vib 2) ef 2) e;{e

— Bands shifted harmonic anharmonic

— More complex spectra 1 approximation contributions
10 o, 260 3¢1
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/' Vibrational Spectra

Harmonic and AnharmonicVibrational Spectra

®, -harmonic wavenumber 1 1)?
% - anharmonic constant EX =] v+ *)a)e v+ 7) DeXe
Anharmonic: 2 2
— Bands shifted harmonic anharmonic
— More complex spectra approximation ~ contributions
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Vibrational spectroscopy

Anharmonic effects: resonances
|

I

b

Beyond harmonic approximation: |‘\|
— vibrations with similar frequency can interact I
Fermi resonance |
— named after Enrico Fermi, who explained this _J L_,JL,_

|
L Jl
phenomenon ==
— accidentally energies of the transitions have ot f::
almost the same energy i \ /
i

— quantum mixing
— modification of the energies and intensities of
absorption bands
Example: CO, (01,02,05)=(0,0.2)
— 2viEv, Nodal planes: i
— Resonance: wavefunctions mix sign changes
— intensity gain, v, observed

NO resonance  Resonance

@

(03,02, 03)=(1,0,0)| ===
i W)

In-plane out-of-plane bendings

Suiydyaas suRwWWwAS fa

v; bending

symmetric stretch wavefunctions ======---
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‘ /\ Vibrational spectroscopy Geneva 2013
ﬂr " .
Vibrational energy levels

* The second-order vibrational perturbation theory (VPT2)
— Expansion of the potential energy operator V(q):
V(g) = —Zw,q, + = Z Kijkqiqj Qi + 57 Z kijk19i9j gk q1
ik ikt
— Inclusion of a kinetic contribution arising from the vibrational
angular momentumj,, :

D Bl
(a1

* Improved accuracy at a reasonable computational cost
— However, possible presence of singularities due to Fermi
resonances

ki
— (Type 1: w; &~ 2uw; , Type 2:w; = w; +wy) Ex: T Uid

6(wi — wj — wk)

Geneva 2013

Vibrational spectroscopy

Treatment of singularities: “resonance-criteria free”

* Degeneracy-corrected PT2 (DCPT2)?
— All terms are replaced by non-resonant terms, following

——)5{\/ +k%Z—¢) e=& ]

the scheme: [ 542
2

— Pros: No parameter used, calculations devoid of
singularities
— Con: Transformation is ill-suited for k ~ € > 1
* HDCPT2: Hybrid VPT2-DCPT22
fpcpT2 = AvpT2 + (1 — A)foceT?

tanh (oz [W - BD +1
2

1. K.M. Kuhler, D.G. Truhlar, A.D. Isaacson, J. Chem. Phys. 104, 4664, 1996
2. ). Bloino, M. Biczysko, V. Barone, JCTC 8, 1015 (2012)

A=
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‘ Vibrational spectroscopy Geneva 2013

Treatment of singularities in energy levels calculations

* ldentification of Fermi resonances
— Near-null denominators = large contributions from resonant
terms
— Evaluation criteria:
* Threshold on Aw. However, the value of the numerator is ignored
* Martin criteria: both numeratorfnzj denominator taken in;o 4account
i ijk
Qi = 256(:4;;‘“— 2uwj)3 Qe = 64(w; — i{j —wi)?
* Singularity correction: DVPT2 and GVPT2!
— Deperturbed VPT2: Near-resonant terms are removed
— Generalized VPT2:
* Near-resonant terms are removed (same as DVPT2)
* Removed terms are treated variationally
— However, both DVPT2 and GVPT2 results depend on the
accuracy of the resonance criteria.

1. V. Barone, J. Chem. Phys. 122, 014108, 2005

Vibrational spectroscopy Geneva 2013

Transition intensities

* Anharmonic vibrational IR, VCD and Raman spectra

® IR: Molar extinction coefficient, ()
= VCD: Difference in molar extinction coefficient, Ae(#)

e Raman: Raman scattering 9o (i7)/0Q

_ 873Nl P
() = 3560 In{10)hc(ineo) Z’“ZD""’(“ o =}

327 Naing -
Aclr) = 3uouhc2|n(1u Z""ER"‘J( %o~ o)

do(dy) Ty (Vo = (22 = £5))"S0e (o — 20— )

2 = p. £e—€0— P
an 81»—2: @ — 45(59—%)[ —exp(— hele. —cl] e

\ Pe .
<P)c.ee\/<ix“’)|( )(|;e\>x) with P = (oo | P+ P™ | o)
o o a e

+ Both y and P® must be treated anharmonically at the VPT2 level
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/\ Vibrational spectroscopy Geneva 2013

Transition intensities: transition dipole moment

Generalized formulation for the transition dipole
moment: P — PO £ A\pO 4 A2p®@

PO =Po+s > Pi(al +Sa;)
i
PO =5 %> Pygi(al +5a)
i
P2 =5 ZZ Z P;jkqjqk(aﬁ + Sa))
i 5k

i, Pii, Pik and S are property-dependent

P

P Py P; pji iji S0 51 52 S
3 s 7

[T T, 3;,;; @iﬂ; V2 1/2v2  1/6v2 | +1

m| 0 ;I é‘?z—qj a"_"’:' th/V2Z /2 ahf2v2 | -1

@ | X g Hq:‘, 3q:a?qn 1/‘/5 1/2‘/5 1/6\/5 +1

VPT2 for thermodynamics Geneva 2013

* Simple perturbation theory applied to the
('3

vibrational partition function
EE;T

Quib = 7 T
i (=)

— v;: Wavenumber frequency of the i -th fundamental band,
* devoid of singularity at the HDCPT2 level
— E,: Anharmonic ZPVE,

S S o e 7k
i i<j i i<j

¢ Extension to transition state:

1.

— Reaction coordinate F treated separately from the
remaining Ny modes, £ = E"» +yf
J. Bloino, M. Biczysko, V. Barone, JCTC 8, 1015 (2012)

Thermodynamics beyond harmonic approximation

/\ Vibrational spectroscopy Geneva 2013

Transition intensities: transition dipole moment

* Development using the Rayleigh-Schrédinger perturbation theory

(P)Z, + (P2 + X(P)E,

7w 1)

(1P [x) +

SUEI B

+ (X [P0 10)

_ 1P x®)
2

+ (X2 [P [ X2)+ (x| P [ x2)
+ (X2 TP [ X2)+ (x| PO [ x2)
£ i | 2 A |

(X 128 ) + (x§ [ x8)]

{(Po,
(PG
(P}
(P}

* Large number of terms

— creation of dedicated, ad hoc tools to semi-automatize the treatment and
reduce the risk of errors

* Integrals for fundamentals, overtones and combinations bands
* Extensible to other properties
* Fermi resonances can be present, as well as 1-1 resonances!

* Resonance terms removed: DVPT2
1. J.Bloino, V. Barone, J. Chem. Phys. 136, 124108 (2012)

“ Vibrational spectroscopy: PES and FF Geneva 2013
VPT2 for medium-to-large systems
* PES

— polynomial of 4t order containing at most three independent normal
coordinates
- . . 1 1 1
« Vibrational elergy levels E,=z43 e uts DA I +5
* %; set of anharmonic constants - —=
* simple function of 3rd (K,) and semidiagonal 4th (K;;) energy derivatives with respect
to normal modes
* Energy third and semi-diagonal fourth derivatives are computed
numerically!

e = K00~ Fu(=b0) o Ku0) + Kl =b) = 2K(0)
" 26q; i g

— Computational cost grows quickly with the system size !

* Solutions to limit computation cost anh
— Hybrid models
— Reduced-dimensionality harm
1. V.Barone, J. Chem. Phys. 122, 014108 (2005), V.B et al Chem. Phys. . \ \<\<,\<
Lett., 496, 157-161 (2010) ¢ / £
2 V?B,M 8, J. B., M. Borkowska-Panek, I. Carnimeo, P. Panek, Int. J. QIVI %ﬁ 4

Quantum. Chem. 112, 2185 (2012)

22/10/2015



/\ Vibrational spectroscopy: PES and FF Geneva 2013

Reduced dimensionality m

« Displacement along selected vibrations

— set of M normal modes for which anharmonic frequencies will be evaluated

— spectra range of interest, most intense (observed) vibrations, molecular probe etc..
¢ Anharmonic constants Xij

— index i corresponds to an active mode
* cubic force constants Ky, where index i is present at least once (i.e. Ky, K, Kiy, K;;j) evaluated

ijjr

+ along with all semi- dlagonal quartic force constants K

2K 2Ky KaKy (KK
4h ll Ry Py S — " S———_ . R ] —
A L R 7 ey Py oy Wy > i
& [ 2kt A — MK | KK
. S AT A7 A 2(AA, Ay + A A
« Difference wrt full treatment oy A=Ak TRA T AR

— some limited number cubic force constants (terms including only j and k indices) not
evaluated

— non-resonant terms (treatment of Fermi resonances not affected)

— important ONLY if vibrations j,k and i are coupled

+ vibrations mainly localized on the same region of a molecular system (e.g. functional group) and
with similar frequencies

* Practical recipe to select normal modes to be considered simultaneously
— nature of the vibrations and energy range

* Reduced dimensionality schemes well-suited to study environment effects
— adsorption, solute-solvent interactions

Vibrational spectroscopy Geneva 2013

Semi-diagonal Q

* PES generation:
— Energy third and semi-diagonal fourth derivatives are computed numerically
* Basic requirements Ko — _,k(éq, — Ki(=dq;)

— Tight optimization criteria Kijk w \”/

— Ultrafine Grid (DFT) + SCF tight
* Example: H,CO
|| opt-tightint=Uf | Optint | Opt=tightint |
mode Harm. AAnh Harm. AAnh Harm.  AAnh
vy 2881.6 -152.7 2881.8 -161.1 2881.0 -152.7
v, 1816.0 -26.3 1816.2 -26.8 1816.0 -26.3
V3 1532.4 -33.0 15325 -33.6 15325 -33.6
Vg 1200.1 -18.0 1200.3 -17.9  1200.3 -18.0
Vs 2937.5 -125.3 2937.7 -261.3 2936.8 -124.9
Ve 1266.6 -21.3  1266.7 -21.5 1266.7 -21.3

/\ Vibrational spectroscopy: PES and FF Geneva 2013

& Reduced GVPT2 scheme: validation

2

* IR spectra of anisole
— Full dimensional (All Modes) GVPT2
* good accuracy
* MUE (mean unsigned error) wrt experiment 9 cm®
* Reduced (N modes) approach
— 27 over 42 modes can be computed with 1M approach
— coupled modes, eg. CH; stretchings
— graphical representation of couplings
* absolute value of the cubic force constants K;;

]

log,(| K 1
C-Hring

iij

Veya Sym. stretch 2900 2856 2898 g1
Vagsasym.stretch 2942 2817 2924 Eiill B s !
Vazasym.stretch 3004 2964 2992 :

MUE (cm™Y) 56 1 i ; ¥ 0

.‘ CC/DFT and DFT/NO7D: validation Geneva 2013
Vibrational frequencies

¢ Harmonic frequencies and anharmonic

contributions B3LYP vs CCSD(T) v —
BILYP.D [ |
. p—11

ORI, =—— OFTanh
MIN 25 28 26

CAMABSLYT I
Ml ——

MAX +108 +142 +39 37—
MUE 30 30 7 *
. WRITXD N |
* DFT vs Experiment Le-ura W
 Hybrid CC/DFT models vs Experiment ™"} SIS |
> Mean Absolute Esror wrt F,mcmnml [em']
MAE W BLYP

W B2PLYP I BaLYR MAX]

T W B2PLYP
€CSD(T R ‘
| I . D £ W cosnn ‘ I
-,
s

SN

Overall good acuracy + apphcabllity to larger systems

Mesm Amoluse i
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/\ Vibrational spectroscopy Geneva 2013
(3 VPT2 models: GVPT2, DCPT2, HDCPT2
* Example: glycine DGPIR)

— Vibrational energies in vacuum (in cm 1)
— Computational model: B3LYP/aug-NO7D

mm---mm

€2+ k2 —¢)

3750 3568 3568 3565 3566 3585 OH str.

v, 3582 3407 3407 3404 3403 3410 NH, (A) str.

vy 3509 3387 3353 3304 3350 - NH, (S) str.

Va 3079 2929 2926 2926 2925 - CH, (A) str.

Vs 3044 2938 2913 2911 2910 2958 CH, (S) str.
|MAX | Ref. 164 83 37
MUE Ref. 16 10 8

— Mean Unsigned Error (MUE) and largest absolute error (| MAX|) are
calculated with respect to GVPT2 for ALL normal modes

— -DCPT2: problems for strong couplings between low- and high-
frequency vibrations occur (k-large and ¢-large), also toluene CH,

a) All terms are taken into account, even if near-resonant

CC/DFT for spectroscopy and thermodynamics

ZPVE + HDCPT2 + SPT

* Glycine conformers: lllp and IVn [1]
* CC/DFT conformational energies wrt most stable Ip, T=410 K
— CCSD(T)/CBS+CV conformational energies, harmonic frequencies,

— B3LYP/SNSD anharmonic contributions computed by means of the HDCPT2[2]
model , in conjupction with simple perturbation theory (SPT)[3].

IVn

RRHO* HRAO**+SPT  Exp RRHO* HRAO**+SPT  Exp

A ZPVE 481 474 7.48 7.94
A H (410K) 459 462 481 7.61 6.62 5.8
A G(410K) 597 5.78 -1.17 9.72

* Accurate computations of entropy contributions require the proper
treatment of low-frequency torsional motions and anharmonic effects.

[1] V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, J. Chem. Theory Comput., 9, 1533-1547(2013), PCCP, DOI: 10.1039/c3cp50439e (2013)
[2]J. Bloino, M. Biczysko,, V. Barone, J. Chem. Theory Comput., 8, 1015-1036 (2012) * Harmonic Oscillator Rigid Rotor
[3] D. G. Truhlar, A. D. Isaacson, J. Chem. Phys., 94, 357-359 (1991) ** Anharmonic Oscillator Hindered Rotor

Building blocks of biomolecules: closed-shell

The challenge of the conformational equilibrium

* Can integrated CC and CC/DFT schemes shed
light on the observation of elusive glycine

conformers?
Gas phase

‘1 3 g s 7 Matrix
Ramag } ValgetC; R" R
[ " s _
& A 102 7.4 =
¢ Accurate ~ane, 55 § R
Vgt €, @ Y

SeaiemTa 164

) 5 o lipet €, p
— structure (R,) $”.°(; (\'55» ~/
—thermodynamic (AH, AG) "o 3~ 4 e \\\-{
. \
— spectroscopic parameters ¢ E ( P ‘, Gas

J Phase,

203 ’ R
- BO' DJKI |R, Raman .. Matrix ., 1 h Matrix,
IR Viniec, 4 oo MW, IR,

V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, R
J. Chem. Theory Comput., 9, 1533-1547(2013), Phys. Chem. Chem. Phys., aman
DOI: 10.1039/c3cp50439% (2013), PCCP 15, 1358-1363 (2013)

CC/DFT for spectroscopy : closed-shell

CC/DFT IR anharmonic spectra of glycine: Accuracy

* IR Vibrational frequencies and IR intensities of Ip/ttt conformer [1]
— CCSD(T)/CBS+CV harmonic frequencies,

ol

-Imm-m Assign. "3
mode ¢ anh anh sc**  anh anh Gas/Ar Assign.
v, 3500 3551 3593 3554 3582 3634 OH str.
v, 3434 3403 3433 3403 3443 3473 418 710 NH; (A) str.
v, 3363 3356 3362 3355 3432 3428 3367 3359 NH, (S) str.
v, 2958 2931 2953 2925 3045 3030 2961 2969 CH, (A) str.
Vs 2923 2924 2917 2918 3008 3023 2947 2943 CH, (5) str.
Vg 1745 1784 1739 1781 1798 1841 1774 1779 C=0 str.
IMAX] 65 38 66 55 76 200 20

MUE 18 11 19 14 25 57 8

* MAX and MAE calculated for ALL normal modes
— Mean absolute error (MAE) and largest absolute error (| MAX|) with respect to
experiment or CC results
— Experimental data for 23 over total of 24 normal modes

[1] V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, JCTC, 9, 1533-1547(2013), PCCP,, (2013), PCCP 15, 1358-1363 (2013) [2]J. Bloino, V.
Barone, J. Chem. Phys. 136 124108 (2012), V. Barone J. Chem. Phys. 122, 014108 (2005)

22/10/2015



[ mode |_Ass__| ALL | 1M | sM_| K | 2Kyl [IKylmax |y |
24 6 14 =

1.

CC/DFT for spectroscopy : closed-shell

CC/DFT IR anharmonic spectra of glycine: Interpretation

Best-estimated MI-IR spectra for the main glycine
isotopologue VI
—  CCSD(T)/CBS+CV harmonic frequencies, p | Ul | I B
—  B3LYP/SNSDanharmonic contributions computedby | ;
means of the GVPT2/DVPT2[2] model.
— Spectra convoluted using Lorentzian functions with a Vn 1
half-width at half-maximum (HWHM) of 1 cm. . TRR 1! " -
Single contribution spectra
Simulate IR spectra RECORDED in the low- IVn |
temperature Ar matrix 7 WL i
—  The sum of the Ip/ttt, lin/cccand lllp/tct E i
weighted for relative abundances (T=410 K) = l
\ ; lng Novgtt- 2 B N ) i
Ip/ttt and Vn/get -lilp/tct; 2
~  ALLthe Ip-lin-Illp sum complemented by minor S|
contributions 2 i o e
(1%) from the IVn/gtt, Vn/gct and Vip/tcc; é‘ — E— — g 1
Theory can predict ANY spectra g |
~  Example: I+li+illand 10% from Vip P J.l ! L
=3
I+ =
1+1+11 1 ]
g t { N L L | I
H
| WU R N (S | ALL N
: e I NI,
Z| +Vip
o | N
| \ | ‘ . J l ik
h Jd AR who IJL w00 0 dawo N ™ ]
= S W Tb G s e wavenumber (carl)

R
[1] V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, JCTC, 9, 1533-1547(2013), PCCP, DOI: 10.1039/c3cpS0439% (2013), PCCP 15, 1358-1363
(2013) [2]1. Bloino, V. Barone, J. Chem. Phys. 136 124108 (2012), V. Barone J. Chem. Phys. 122, 014108 (2005)

Reduced GVPT2 scheme eva 2013

G
Full and reduced GVPT2

¢ Glycine
— B3LYP/aug-NO7D.

IR — Full

Reduced

H
V(OH) 3568 3561 3561 2570 289 9 EJ_.__I
23 v(NH)a 3407 3048 3393 1623 2255 1645 2
22 V(NH)s 3387 3345 3342 1617 302 14 10 =
21 V(CH)a 2929 2859 2931 1647 1405 120 20
20 V(CHp)s 2938 2916 2913 1345 134 PR | ———
MAE 10 84 16 Frspey ) '

— Validity check: K;; small: OK, : K;; large some coupling (eg. if K;; also large) can not be
neglected,
— Coupling with SijsH, cluster vibrations
« stretching Si—H , | Kiij| max = 142cm%, OK can be safely neglected
« all other modes of glycine, the largest |Kiij|max = 122cm™1, OK can be safely neglected
— CH, asymmetric stretch: coupled to V(CH,)s: included, QK, larger discrepancy ??
V. B., M. B., J. B., M. Borkowska-Panek, I. Carnimeo, P. Panek, Int. J. Quantum. Chem. 112, 2185 (2012)

CC/DFT for spectroscopy : closed-shell

CC/DFT IR anharmonic spectra of glycine: Prediction

* Best-estimated MI-IR spectra for the main and trideuterated [OD,ND2] glycine
isotopologue.
— CCSD(T)/CBS+CV harmonic frequencies, B3LYP/SNSD anharmonic contributions computed by means of
the GVPT2/DVPT2[2] model.
— Spectra convoluted using Lorentzian functions with a half-width at half-maximum (HWHM) of 1 cm™L.
— Experimental IR spectra recorded in the low-temperature Ar matrix

* Theory: IVn/gtt ‘missing’ conformer easier detected for [OD,ND,]

— Ip shows less intense in & Giylp
fgatures main i Giylln [OD,ND,] ——
— Increased energy gap
between the IVn
fundamental and Ip
overtones
— A higher percentage of
IVn in the experimental
mixture
+ lower probability of
tunneling effects for ND,
with respect to NH,

Gy lllp
= GlyIVa(x0.01)

[1] V. Barone, M. Biczysko, J. Bloino, C. Puzzarini, J. Chem. Theory Comput., 9, 1533-1547(2013), Phys. Chem. Chem. Phys., DOI:
10.1039/c3cp50439e (2013), PCCP 15, 1358-1363 (2013)
[2]J. Bloino, V. Barone, J. Chem. Phys. 136 124108 (2012), V. Barone J. Chem. Phys. 122, 014108 (2005)

Vibrational spectroscopy
Reduced GVVPT2 scheme — Environmental effects

* Glycine vs Glycine@Si(100)
— reduced dimensionality computation: all bands of glycine (24) and their shift
upon adsorption on Siys cluster (total 117 modes); B3LYP/aug-NO7D

— Experimental data: Isolated molecule — FTIR; Glycine@Si(100) High Resolution
Electron Energy Loss Spectroscopy (HREELS)

o,
CC+0Co 0‘.;

a A,
¥ 7%

o

g
L
e C=0
5 v(C= i
£ =0 [ v(si-H)g,
z LY
CN+OH
vc=0) ¥ ®
GLY1 Anh GLY1{@Si Anh
——— = Exp. IRGLYI Exp. HREELS GLY1@Si

Frequencies [cm™]

I 1. Carnimeo, M.Biczysko, J. Bloino, V. Barone PCCP 13, 16713-16727 (2011)
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¢ Glycine@Si(100)

117 v(NHpa 3460

V(NH,)s 3410
115 v(CHpa 3040 ?

V(CHy)s 2040
112 v(SiH) 2115

neglected,

/\ Reduced GVPT2 scheme

3 Vibrational spectra of large systems

— reduced dimensionality computation: all bands
of glycine (24) and their shift upon adsorption on Vo
Si;s cluster (total 117 modes); B3LYP/aug-NO7D. ? ?

--- 2y | tmes |

3419

3379 1623
2932 1422
2901 1620
2110 1124

— Coupling with Si;sH, cluster vibrations
+ stretching Si—H , | Kiij| max = 142cm1, OK can be safely neglected
« all other modes of glycine, the largest | Kiij|max = 122cm™, OK can be safely neglected
— CH, asymmetric stretch: coupled to V(CH,)s: included, QK, larger discrepancy ??
1. V.B.,M.B.,J.B., M. Borkowska-Panek, I. Carnimeo, P. Panek, Int. J. Quantum. Chem. 112, 2185 (2012)

Computational details: B3LYP/aug-NO7D
Experimental data: source: NIST Database
T

1717

‘b,
.l'

2392 1643 116
470 101 80
1381 934 114
774 398 115
894 142 107

— Validity check: K;; small: OK, : K;; large some coupling (eg. if K;; also large) can not be

Geneva 2013

T
Harmonic -«
Anharmonic
Experimental
=
=
=1
ol
o
= ¢
=
2
&
Ak — . A
0 1000 2000 3000 4000 5000 6000

Energy (cm1)
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A Reduced GVPT2 scheme 1717

& HREELS spectrum of glycine@Si

* High Resolution Electron Energy Loss Spectroscopy (HREELS) i emien o ot brimsnedoris
*  Glycine@Si;sHyq
— Reduced dimensionality GVPT2 + B3LYP/aug-NO7D
* CH,stretch :
— band at 3040 cm! still present at 400 C, i
* where glycine is considered completely desorbed
“Experimental” assignment based on harmonic frequencies

* Reassignment confirmed by the good agreement with spectra of
deuterated Glycine

250
> v(t='(l§ill
@ 200 A
§ L5 S(NH,) |v‘(CH3)
= I. Carnimeo,
g 100 A pcc;\ﬂgjfé;ﬁi
3 50 (2011)
< N

0 r T oy T
1500 2000 2500 3000 3500 4000
Frequencies (cm-1)

Geneva 2013

naphthalene

Computational details: B3LYP/aug-NO7D

Experlmentaldata source NIST Database
T T T

Harmonic
Anharmonic
Experimental --—-——-

| (arbitrary unit)

800 1000 1200 1400 1600 1800 2000
Energy (cm™1)



/\ DFT and Hybrid CC/DFT Geneva 2013

- IR anharmonic spectra : pyrimidine

¢ Computed vs Experimental spectra
— Vibrational freq in cm™, Intensities in km/mol, GVPT2/DVPT2, DFT/aug-NO7D

— Mean Absolute Error (MAE), and largest negative (MIN) and positive (MAX)
deviations with respect to experiment (Ar Matrix, S. Breda et al. J. Mol.
Struct. 786, 193 (2006)

| miN | wax | mae
CAM -7 49 19 o

cc’/ -17 17 6 “l i

cam A ] d o s

B3LYP -36 40 11
/20 15 6 | | N I T N

B3LYP b

m L Lo N
1. MB, . Bloino, G. Brancato, I. Cacelli,
C. Cappelli, A. Ferretti, A. Lami, S. LX

Monti, A. Pedone, G. Prampolini, C.

Puzzarini, F. santoto, F. Trani, G. " " | - |

Villani, Theor. Chem. Acc. 113, 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
2 g . Acc. 113,

1201 (2012)
CC = CCSD(T)/VTZ + QZ(MP2/VQZ-MP2/VTZ) + CV(MP2/CVTZ) + aug(MP2/aVTZ-MP2/VTZ)

CAM-BILYP: MAE=19 cm-1
COICAM-BILYP: MAE = 6 crn-|
BILYP: MAE = 11 cm-1
COBILYP:MAE = 6 el

CC/DFT for spectroscopy : open-shell

IR and Raman spectra of phenyl radical

* IR and Raman harmonic and anharmonic spectra CsHg and CgD,
— CCSD(T)/aug-cc-pVTZ harmonic frequencies,
— B3LYP/SNSD anharmonic contributions computed by the GVPT2/DVPT2[2]

model.
IR Raman
Anh Anh
1[__1‘_ Ll . Il - *L,Ju n J,lj‘g .
Harm ! | ‘||“ M‘n Harm [ I I‘” Il(

2000 1900 1800 1300 1600 1500 1400 1300 L1200 1100 (000 00 G200 1900 180D 1700 1600 LSO0 1400 130D 1200 (100 10 w00 K0

[1] V. Barone, M. Biczysko, J. Bloino, F. Egidi, C. Puzzarini, J. Chem. Phys. 138, 234303 (2013)
[2]1. Bloino, V. Barone, J. Chem. Phys. 136 124108 (2012), V. Barone J. Chem. Phys. 122, 014108 (2005)
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/\ Vibrational spectra: GVPT2/DVPT2 Geneva 2013

& Solvent effects

* Non-equilibrium implicit solvent! : Case of pyrimidine
— Non-equilibrium approach simulates the slower reorganization of the solvent
molecules with respect to the vibrations.
— Computation: B3LYP/aug-NO7D, Broadening: Lorentzian, HWHM=4cm™?
— Experiment: 10% in CCl, (3800-1370), 10% in CS, (1370-450)

[

T o0

1. C. Cappelli, F. Lipparini, J. Bloino, V. Barone, J. Chem. Phys, 135, 104505, 2011

CC/DFT for spectroscopy : open-shell

IR spectra of phenyl radical

* CC/DFT IR of C¢Hg and C,D; [1]

— CCSD(T)/aug-cc-pVTZ harmonic
frequencies +IR intensities,

— B3LYP/SNSD anharmonic contributions
computed by the GVPT2/DVPT2 [2]
model

¢ Overall accuracy
CgHs: IMAX|: 32 cm MAE: 8cm?  for 24 normal modes

'C5D5 ‘ Vs

C¢Ds: IMAX|: 38 cm MAE: 11 cm?  for 16 normal modes

* Exceptional cases (e.g v,; of C;D;)
— Less certain assignment
¢ Reinvestigation?
— with the help of fully anharmonic IR
and/or Raman spectra
— accounting for the species possibly
present in the experimental mixture
— including a few sets of isotopically
substituted precursors

Intensity (arbitrary units)

1700 1600 1500 1400 1300 1200

" . . . Frequency (enr!)
[1] V. Barone, M. Biczysko, J. Bloino, F. Egidi, C. Puzzarini, J. Chem. Phys. 138, 234303 (2013)

[2]J. Bloino, V. Barone, J. Chem. Phys. 136 124108 (2012), V. Barone J. Chem. Phys. 122, 014108 (2005)



/' Vibrational spectra: GVPT2/DVPT2 Geneva 2013

- IR and Raman spectra of Thymine

e Computation: B3LYP/SNSD, vacuum, Broadening: Lorentzian, HWHM=1cm-!
* Experiment: K.Szczepaniak et al., J. Phys. Chem. A 104, 3855 (2000) — Ar matrix

— Rara d 3900-100 cm'?
l l u “ l M "
Raman,, 1;‘1 I Raman,,, J
LLI ol

al I

Raman
Ramany,, Ml

]RE,‘p
TR IR uh._u_l_h_u_u

A

R,y l
In el 1
IRyom
Hen 1l " | i
3800 3600 3400 3200 3000 2800 1500 3000 2500 000 1500 1000 00
Freauency (em'} Frequency (eni’')
Vibrational spectra: GVPT2/DVPT2 Geneva 2013

* Example: R-methyloxirane!

— Computation: B3LYP/aug-NO7D, vacuum, Broadening: Lorentzian,
HWHM=2cm™

— Experiment: Stephens et al.? (CCl, solution)

1

A¢ [arbitrary units)

. — Anharmonic
- Harmonic
< Experiment

900 To00 00 1200 1300 400 1500
Energy [in cm ')

* Anharmonic intensities:
— Sign/features - - ra
— Assignment
1. J.Bloino, V. Barone, J. Chem. Phys. 136, 124108 (2012)
2. P.Stephens, F. Devlin, Chirality 12, 172 (2000)

A Vibrational spectra: GVPT2/DVPT2 Geneva 2013

S IR spectrum

* Example: R-methyloxirane!

— Computation: B3LYP/aug-NO7D, vacuum, Broadening: Lorentzian,
HWHM=2cm?
- Experiment‘ Stephens et al.2 (CCl, solution)

Antarmonk
Harmum:
Expemmem

[arbitrary units]

1200
Energy fincm ]

* Anharmonic intensities:
— Assignment!
— Line-shape

1. J. Bloino, V. Barone, J. Chem. Phys. 136, 124108 (2012)
2. P.Stephens, F. Devlin, Chirality 12, 172 (2000)

of

500 00 T

eneva 2013

Vibrational spectra: GVPT2/DVPT2 G

Mix anharmonic IR and Raman spectra

* Butane anti- and gauche- conformer abundances at 298 K
* B3LYP/SNSD; Spectra GVPT2/DVPT2; AG=SPT/HDCPT2, 64% anti-, 36 % gauche-

anti+gauche
Harm.
Anh.
Exp

IR

IR intensity (arbitrary units)

Raman intensity (arbitrary units)

Raman 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600
Frequency [em ]
1.Generalized VPT2/Deperturbed VPT2 JCP 136, 124108 (2012)

2.Simple Perturbation Theory, D. Truhlar JCP 94, 357 (1991), JCTC 8, 1015 (2012)
3200 3100 10(]0 “9(]0 ’Bl](] 2700 3.Hybrid Degeneracy Corrected PT2 JCTC 8, 1015 (2012)

v (l/em )
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Vibrational spectra: GVPT2/DVPT2 Geneva 2013

Mixt Molecule+complexes

Example: IR and Raman spectra of formic acid (+ dimers)
— Computation: B3LYP/aug-NO7D, vacuum, Broadening: Lorentzian, HWHM=2cm™
— Experiment: A. Olbert-Majkut et al., Chem. Phys. Lett. 468, 176 (2009) — Ar matrix

Raman sctivity (arbilrary units )

=]

e S
+ S 600 800 1000 1200 1400 1600 1800 2000
600 800 1000 1200 1400 1600 1300 2000 UM
Froquency (eml)

Frequency (em1)

Vibrational spectroscopy

Solvent

* Anharmonic calculations: gas phase vs pure liquid for a-pinene?(800-1350 cm™)
— Computation: PCM with vibrational nonequilibrium? and local field effects, B3LYP/NO7D
— Experiment: L. Nafie and coworkers, Vibr. Spectrosc. 42, 254 (2006)

______________ 1| I
154 e i
____________ 4 _Experlmenlt Pathlength = 68um
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10 == 5 2 Ii A b
/ | A
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< v [y
5 2| l |\ |
| \ U
; -4 | |
E 04 0 b . . .
8 1300 1200 1100 1000  900--800
> CH, e
5
101 In vacuo
Pure liquid
-15
1400 1300 1200 1100 1000 200

A
1. C. Cappelli, F. Lipparini, J. Bloino, V. Barone, J. Chem. Phys, 135, 104505, 2011
2. C.Cappelli, J. Bloino, F. Lipparini, V. Barone, J. Phys. Chem. Lett., 3, 1766-1773, 2012

/' Vibrational spectroscopy

L Solvent and anharmonic effects: IR

* Non-equilibrium implicit solvent! : Case of a-pinene?
— Computation: PCM with vibrational nonequilibrium and local field effects, B3LYP/NO7D
* Non-equilibrium approach simulates the slower reorganization of the solvent molecules with
respect to the vibrations.
— Experiment: L. Nafie and coworkers, Vibr. Spectrosc. 42, 254 (2006)

500 «
CH, . X
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400 \ Anharmonic
800 4 .
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1. C. Cappelli, F. Lipparini, J. Bloino, V. Barone, J. Chem. Phys, 135, 104505, 2011
2. C.Cappelli, J. Bloino, F. Lipparini, V. Barone, J. Phys. Chem. Lett., 3, 1766-1773, 2012

eva 2013

* IR spectra of chlorophyll-a cation in tetrahydrofuran (THF) solution
— 186 normal modes
— Limited dimensionality anharmonic treatment : spectrum window related to
the C=0 vibrations
------ Exp THE \ Anharmonic effects

harm gas phase

H )
s ; S99
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“ Reduced GVPT2 scheme G
: Large molecular SyStemS = SpeCtra nge
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e Computational Strategies for Computational

Spectroscopy ¥ :
— from Small Molecules to Nano Strateg|es for
Systems, Spectroscopy

— Edited by V. Barone,

— John Wiley & Sons, Inc, Hoboken,
New Jersey, 2012

* PCCP Cover Article

— Barone et al. Implementation and
validation of a multi-purpose
virtual spectrometer for large
systems in complex environments

— PCCP Themed issue: Theoretical
chemical physics of biological
systems

— Phys. Chem. Chem. Phys.,
2012,14, 12404-12422

/\ http://dreams.sns.it
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