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Theoretical investigation of structures and
spectroscopy of molecules and clusters: a
combination of electronic structure theory

and multicanonical Monte Carlo simulation
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It was known from the early days of quantum mechanics that all the
information of the interactions within a molecular system were hidden in the
Schrodinger equation. Only difficulty was that the equation was too complicated to
solve for real molecular systems. However, development of several approximate
methods coupled with the progresses in computer technology and computational
algorithm has broken the myth of insolubility of Schrodinger equation for molecular
systems. Nowadays computational chemistry has reached a stage where quantum
chemical calculations are making great impacts not only on the forefront of chemistry
but also in other fields such as material science and biological science.

Statistical mechanical simulation techniques such as Monte Carlo (MC) and
Molecular Dynamics (MD) are another class of ways to investigate complex molecular
systems by including the effects of external parameters such as temperature and
pressure. The MC simulation gives average values of some properties, whereas MD
simulation gives time dependent information. Indeed electronic structure calculations
and statistical mechanical simulations are two complementary tools for studying
molecular systems. The dependence of the molecular systems on the surrounding
environment and external parameters can be studied accurately by the efficient
combination of these two tools. As a matter of fact, the ab initio simulation techniques
are in widespread use for studying various kinds of molecular systems in gas, liquid
and solid phases. However, the enormous computational cost is a bottleneck for using
ab initio simulations. The need for the techniques, which can reduce the computational
cost by increasing the efficiency of the simulation, can hardly be overemphasized.

In the first part of the present thesis, the multicanonical MC simulation has
been combined with the electronic structure calculations to develop a highly efficient
ab initio simulation technique. The multicanonical MC simulation, which was
introduced in the context of first order phase transition, is superior than the standard
MC simulation in the sense that the former can explore any potential energy surface
efficiently, however complex it may be. Also the canonical average of any property can
be calculated at various temperatures from a single run using the histogram
reweighting technique. Their multicanonical ab initio simulation technique is capable
of exploring all parts of the potential energy surface of any complex molecular system
and use of the reweighting histogram technique should give a major boost to the
accurate study of the temperature dependent phenomena of them. In the second part of
the thesis, potential energy surfaces of HNO molecule was investigated by the
multireference configuration interaction calculation.

In the first part of his work, he has investigated isolated clusters in molecular
beam condition using the combination of multicanonical MC and electronic structure

methods. In the molecular beam experiments there exists an ensemble of the clusters



with a distribution of energies. This ensemble is not exactly canonical nor is it
microcanonical, but as a first approximation it can be treated as canonical. Some
recent experimental photoelectron and infra-red spectra of isolated clusters suggest
that the contributions from the entropy dominated structures need to be taken into
account for explaining these spectra. Keeping the above experimental facts in mind, in
the first application, they have investigated how the average structure of water dimer,
which is a prototypical weakly bound complex, changes with temperature.
Multicanonical MC, with RHF/6-31G* calculation at each step of the simulation, was
performed for this investigation. Probability distributions of various geometrical
parameters as a function of temperature were analyzed to find the structural change.
It has been found from the result of the simulation that the probability of finding the
structures similar to the transition state ones increases as temperature increases. This
work demonstrates how the entropy dominated states contribute to the average
structure of water dimer as a function of temperature. In the second application, they
have taken the daunting task of explaining the highly complex photoelectron spectra of
Si,C,. The spectra shows four peaks, presumably from the contribution of different
isomers in the experimental condition. Different structures of Si,C, were examined to
find the optimized structures at the MP2/6-31+G* level. Then multireference
configuration interaction calculations with AVDZ basis set confirm that the peaks did
arise from the two type of structures, namely linear and ring. In the next step,
multicanonical MC simulation, with configuration interaction calculation at each step
of the simulation, was performed to find the finite temperature effect on the spectra.
Indeed it was found that the simulation can explain the origin of the peaks, which
indicates the power of this technique in elucidating complex experimental findings.

In the second part of my work, potential energy surfaces of several low lying
states of HNO were calculated by the multireference configuration interaction (MRCI)
method. They have characterized the state 21A/ in this work, which should motivate
the experimentalists to probe this previously unexplored state. Three parts of the
potential energy surfaces were emphasized in the calculation. The potential curve
along the NH stretch was investigated to understand the H+NO dissociation limit for
two states of each of the symmetries A/, A", 2A’, ®*A”. The potential energy curves with
respect to the variation of HNO angle were also examined to investigate the Renner-
Teller effect. The position of the minimum, saddle point, and barrier height of the 2!A’
state were estimated after fitting the calculated points by power series expansion.

In this thesis, multicanonical/histogram reweighting technique and electronic
structure calculation are combined to develop a highly efficient simulation technique.
This technique can expand the power of ab initio based simulations. Especially this
technique should be very useful for studying temperature dependent phenomena
accurately for molecular systems. This has been demonstrated in this thesis by

applying this technique at first to water dimer and then to explain the photoelectron



spectra of Si,C,. In another work state of the art ab initio calculation was performed to
investigate several low lying states of HNO molecule, in particular, for the optically
allowed 2'A’ state.

— 100 —



MY DEEMROESR

KL ERBRBETREFE < LVF A/ = H# L Monte CarloMC)> I 2 L—3 3
VIEEERABEDEEAEETLICHBEL, K2EAK IS XY -0 FEERT., SLCy
DHBF AR M VE, 2525 —OPIERT % V¥ — 12 RAE L 7= S % TR S0 12 WEHT L
LD THD, T, BFHESREZZR L - EFLZEHEIZ XL > T, HNO 4 FDET
FHEREDRT Vo vy VIR AVF—HEEBBIIHEL TS, KRXIZ., 5E» SR
N, BE—ETRS»TFHREERCZOICHBEEZHBE LK, TALFH /= H )L Monte
CarloMC)> 3 2 L—¥ 3 v L reweighting B2 FBET A 222 L0, 1HDY I 2 L
—Ya VB LT AWVWRERBBOEESAVHBETELZ I 2RLTVWS, BFE
TR, RLBELRKREARKD—D2THHK2EK S 2y —IZEB L., TOFHHWHE
EOREREHEZMEL TS, TAVFH /= H )L MC & reweighting S5 gEFHIZ £ 0
B I 2 b—2aryEEHL, MC o0& 25 v FIZIERERMND FIMETEE2ETT
ZHEEZHBIZILTWVWS, BEERIIHEWV, K2EHKZ S Xy —-DFHN LD FHEEIN X
NE—B/NOBREEBEILOL Y PO —WIZAF BB REEE I EVEESZE(LLT 5
EEHLPIZILTWVWS, £, BBEBERUS FHOKREGERO S AEBUREKRTE I
DWTEMLZSHETV., FHHEHRATR I XILNF-DLERIZHEN, 27525 —0PHERSD
KT — Y P BRBEBENLSTFRBEINDILDONLRELELLTEZZIE 2R LI, $=&ET
. RAVFA /A NVMCEOESVWHERFIAL. £2 7 v P CTIERRVEBHMEEIIER
HBILEDPBEA A VLA VF—2FE L, EROUIIBELNTW S EM T Si,C, DHETF
AR FLVERBHFLTWS, BEIESNZ2X2 b L2, BRESGCEREEL2 LS 288
DEEREAD 1EHE 3SEHEANOBEN., HZFS LTV X LTIUHTRETESZ
EEPELNMIZILTWVWS, ZODEREEREIZRZ P LIZFELTWVWR I XARZ FLODIE
BDEWZEREAA Y ISR —DEBBEERBLTWS, BEEIZESVTCiZ, HNO
DFOBRFHEREORF Vv VI X VF—HIZET 2EEHEL2TV, N-HHERR
G HNO BiiAicxtd 287 > v VE O S 5, Renner-Teller g5 ¥ H+NO Y%
BBRBIZODWTEARLTWVWD, £/, TNETOBERROERIFFE TRE EN TV EE
NEBDIEEFBEREZANOBETHEE I >VWT, ARESERMITET>TWVW5E, FAETI.
AHROBBE L SROBBEICODVWTERAL TV D,

KRR, BES T L 2N TFREDENLLEER T HIPRFVWI I aLb— 3
VIR EAMLSIERRA S TEEE2EUODIT., 2529 —FHEEDOELDPZI Y P L
DIFBIZICH LR THEBPICEVWKEIZD D, FT+HCMEDLIEETH S5, UL
WESEEBEZRASR., AEFERVFMABEIZET 20, 28— THE L /=,

T, BEERLAN LI IR NEEKR TR, BETI2EMITSIUTOEME 25
HAmTHH>ETREER., To7alorIal—varik, EHEgScvwooiiz
LERBET -7, INBIZH LT, HEHEZ+SEXNEER L. . HEETEAML
MXEREXTRELTHED, INETR 1 HRORIEEXTREELTHD., HEEDESE
IR+ TH2LHBTER, £/-, FEZEIAHORBIREESIZBEVWT., BLHTD
EELLR 2009, BERMIIHET 2221z, BERBOBRLEZIZBEVWTL TS
IR ER LTz, LEDER, HEHEEIZEMNBIC o 2%B52ET 5 4B L I,

— 101 —





