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In dieser Arbeit wurde der DoppeldeckerKomplex Lutetium Bisphthalocyanin synthetisiert um
elektronische Wechselwirkungen der beiden makrozyklischen Liganden auf ultraschnellen

Zeitskalen im Hinblick auf Energietransfer und Ladungstrennung zu studieren.

Der Sandwichkomplex wurde basenkatalysiert mittels zyklischer Tetramerisierung unter
Verwendung eines Metalltemplateffekts synthetisiert anschlie@end chromatographisch

abgetrennt und aufgereinigt.

Die Charakterisierung beinhaltet ein und zwei dimensionale MR Techniken, elektronische und
Schwinungsspektroskopie sowie eine massenspektrometrische Analyse. Dabei stellte sich
heraus, dass der dimere Komplex kaum eindeutige Signale liefert, die Rickschlisse auf dessen
Struktur erlauben. Dennoch ist es mdglich deelektronischen Zustand anhand redoxsensitiver

Banden zu identifizieren.

Kohérente zwetdimensionale elektronsiche Spektroskopie stellt ein wertvolles Mittel zo
Untersuchung von molekulardyramischen Prozessen wie Wellenpaketen, elektronischem
Energietransfer oder Ladungstrennungdar. In weiterem Verlauf wird ein multifunktioneller
Aufbau beschrieben, der es ermdglicht diese Prozesse in Echtzait verfolgen.Das Dimer sollte
urspriinglich als biomimetrisches Modellsystem zur Untersuchung des Beitrags von
elektronischen Koharenzen zur Effizienz von Lichtsammelsystemen dienen Es stellte sich
heraus, dass jegliche Beitrage durch eine extrem schnelle Populatsdynamik ausgeltscht
werden, diese aber ein neues Detail in der elektronischen Struktur des Bisplatlbcyanins

freigibt.

Mdgliche Modelle die dessen Ursprung aufklaren kénntemverden im theoretischen Teil unter
Zuhilfenahme quantenchemischer Rechenntkoden diskutiert. Die Dimension des behandelten
Systems erfordert eine Berechnung mittels Dichtefunktinaltheorie. Das Vorhandensein
verschiedenartiger elektronischer Zustande kompliziert die Simulation und schréankt die
Genauigkeit der Ergebnisse stark ein. BHLYP erwies sich als geeignetstesalhd Funktional,
speziell fur die Berechnung von chargéransfer Anregungsenergien. Die Einbeziehung des
Gegenions, lieferte eine Aufspaltung der elektronischen Zustande, die die experimentellen
Beobachtungen reproduziert und deutet auf eine Asymmetrie des Dimers hin, die

wahrscheinlich zu einer partiellen Ladnungstennung fuhrt.



In this thesis a lutetium bisphthalocyanine double-decker complexis synthesized to study the
interaction of the macrocyclic ligands on ultrashort timescaleswith special concern on the

elementary processes oénergy transfer and charge sepation.

The molecular dimer is prepared by a metal template assisted cyclic tetramerization reaction
under basic condition in the bulk phase at elevated temperature following chromatographic

separation and purification by recrystallization.

The spectroscopic characterization includes one and two dimensional NMR, vibrational and
electronic spectroscopy as well as mass spectrometry. It is found that the symmetry of the
molecular structure leads tofew signals in all of the afoementioned spectroscopic techniques
Despite these difficulties, it is possible toassignthe electronic state by inspection of some redox

sensitive marker bands.

Coherent two-dimensional electronic spectroscopy (2BES) provides a versatile tool for
investigating molecular dynamics in real time. The observable processes includeuclear
wavepackets, electronic energy transfer and dissipationjust as charge transfer dynamicsA
multifunctional non-linear spectroscopy set-up capable of following these proces®s in the
visible spectral rangeis described and applied to the synthesized phthalocyanine dimerThe
work intended to focus onrecently discussed importance of electronic coherences to energy
transfer in biological systemsby using this relatively simple model system.However, it turned
out that the induced dynamics are dominated by an ultrafasinitial population decay that
extinguishes all possible electronic coherencebut exposesa previously unseenfeature in the
electronic structure through asymmetric recovery of the missing low energy crosgpeak

Possible scenariogo accountfor its emergence are tackled by quantum chemical callations.

Computation of the electronic structure is vital and an elementary step in the discussion of
excited state processes The sheer sizeof the considered systemand different state characters
make theoretical modeling cumbersome and restrict itto DFT methods.A test of various
functionals marks BHLYP as most suitable for calculating charge transfer excitation energies.
Association of the anionic dimer complex with the TBA counterion leads to structural
asymmetry of the rings that lifts the degeneracy ofstates thus doubling the number of

transitions and altering their character.
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The introduction aims to give an overview of phthéocyanines,to highlight the importance ofthe
dimeric lutetium double-decker complexasan electronically coupled toy systemand to establish

2D-ES as aaluabletool for disentangling molecular interactions in real time.

(a) Phthalocyanines

Their exceptional electronic and optical properties, excellent stability andchemical pliability
recently raised increasing interest in phthalocyanines (Pcs) as functional organic materials.
Various potential applications at the interface of chemistry, physics and material science make

them attractive research targets for technologal devices!1-53],

Pcs and their metal derivatives comprise twedimensional, planar ring system with alternating
carbon-nitrogen AT T AO OEOI OCET 6O OEA ET 1 AOGelectdrAspstemOfAl A8 4
the shortest cyclic conjugated path marks them as synthetic analogues of porphyris.54. High
symmetry, strong linkages of the four isoindole units via azaridges and an extesion of the
conjugated system by benzene groups fused to the pyrrole, @arbons account for their

outstanding chemical, thermal, optical and environmental stability# 6.7.19.54],

The unique electronic and optical traits of Pcs and MPcs arecansequence of the delocalization
of their charge density over the macrocycle and the resulting high degree of charge carrier
mobility 471, Modifications of the electronic structure by substitutionsand simultaneous control
over their assemblies allow for finetuning of the required characteristics and tailoring to the
type of usel¢ 55, Chemical flexibility, relatively straight forward implementation and a rich
supermolecular chemistry 34 steadily improve their scope, while profund thermal stability
guaranteesgeneral processability. Electronic properties based on the substantial redox activity
of the macrocycle and formation of various stable redox states favor applicability in the areas of
molecular electronics [21. 22, 28, 29, 39-41, 46] gnd catalysis [42. 43, 48501, Striking optical and
photophysical attributes in the visible and NIR due to intense absorption and easy tuning of
spectral features via peripheral and skeletal substitutions, change of central metals, coordination
environments and / or oxidation state account for their popularity in optoelectronicsi8. 12, 34,
photovoltaics [10.14.17,18,23,27,30] and medicinel2 9.24.26,31,37]_ Control over the morphology of their
mesoscopic architectures in condensed phases through interplay of different interactions like
ionic assembly, metal ECAT A AT 1-@A ATl AOEIAITh AMdions7alvdyds ©cs oi OA OA

incorporation as building blocks for nanotechnological deviceg-4.7.13,20,25,28,32,33,36-38, 44,45, 52, 53],



Their central four-dentate ring cavity provides hosting abilities for 70 cationg56l which implies

operations in ionoelectronics.

Current research involves improvement of established scopes in virtually all afore mentioned

areas including

U electronics: semiconductord29.46, OFET39, electrochromicdevices(2t.22]

U optoelectronics: OLED 12, gptical switching and limiting devices [57. 58], second and third
order non-linear optical materials[8.34,59]

U spintronics: single molecule magnet$34.40.41,60]

U photovoltaics: low bandgapi18.30l and dyesensitized solar cellg10.14,17,23,27]

U information technology: data storagd?!.16l and quantum computing (511

U nanotechnology:thin films [28. 361, puilding blocks and templates in form of polymers [20. 53],
dendrimers [44.52] discotic liquid crystals[3.25] just assupermolecular motifs[1.4.7,32,33,36-38,45]
and molecular machineg61.62]

U medicine: sensitizers for photodynamic therapy2 9.24.26, labeling andimaging agentg31.47]

U catalysis: idations of secondary alcoholg48l and aromatic compoundsI50], epoxidation of
olefins [49], allylic amination (42 or electrocatalytic reactions(43]

U environmental science: sensinggs 39, photocatalytic degradation of pollutants

(b) Lutetium Bisphth alocyanine

Among the large family of phthalocyanines, doubldecker phthalocyanines, and especially the
lutetium derivatives, have been subject of extensive investigations due to their intrinsic
semiconductivity [35 46, €3, 641 and electrochromic behavior [21. 22 64701, Bisphthalocyanines
comprise two macrocyclic moieties held together at a fixed distance determined by a rare earth
cation or an organic spacef54.71-731, |n its ground state LuPgis a mixedvalence compound, that
is, a stable radical delocalized over bothimgs with an intermediate oxidation state of- 1.5 on
each ring (74, The close proximity @ the two Pc rings offers the chance to study fine variations in
excitonic interactions and their impacts uponcharge carrier generation(7s. 761. An interplay of
excitonic (EX) and chargdransfer (CT) states [77-80 in redox active macrocycles enjoys
considerable attention in the fields of photovoltaics and photosynthesis research with regard to
the accompanying changes in physical properties. Due to its structural and electroniongarities

[77. 81] jt can be seen as a biomimetic model system for studies of the smdcpair [74 82, a
magnesium porphyrin dimer, of central importance for photoinduced charge separation in
bacterial photosynthetic reaction centers. A direct observation of siic processes is usually
complicated by rather small optical cross sections of excited CT states. In its reduced form,

lutetium bisphthalocyanine [LuP¢] , exhibits energetically lowered CT states that intermix with

2



nearby EX states and thereby gaitransition intensity [77-80l, Such an electronically coupled
dimer resembles a simple aggregate with few excitonic (delocalized, collective) states that is
well suited for exploring excitation energy and charge trasfer dynamics along its system sites

and accompanying losses due to the interaction with its environment.

(c) Two-Dimensional Electronic Spectroscopy

Two-dimensional electronic spectroscopy (2BES) provides the unique possibility to monitor
and characterze transient changes of the electronic molecular structure and to disentangle
intermolecular interactions on femtosecond timescales(83-86l. Tracking the evolution of
electronic excitations, directly reports on the very heart of chemistry since changes of transition
dipoles are sensitive to relative distances and orientations of the involved molecular structures.
The femtosecond resolution dbws to probe these changes in real time. 2BS vyields increasd
information as compared to timeresolved linear absorption spectroscopy by spreading out and
correlating the averaged recorded data on an additional dimensiof#7-89. 2D spectra display
interrelations of species as characteristic crospeaks. This fact emphasizes its application as a
versatile tool for sensing molecular linkages and enables one to determine their underlying
microscopic mechanisms. Evolving coupling@3. 90 and 2D-lineshapes!®1-93] provide information
on intersystem and systembath interactions that determine excitation energy and charge
transfer dynamics [84 9491, A change inthe couplings signals intra- and / or intermolecular
interactions while lineshapes yield knowledge about the environment and its pertubations on
the system potential energy surface. Modul&ins of cross-peaks might arise either from changes
in the couplingscaused by ntramolecular vibrations or from mutual intermolecular influences.
Diagonal widths of lineshapes reflect prevalent distributions of static system oscillators due to
the instantaneous configuration of the surrounding bath while antdiagonal widths give

intrinsic system energetics and their changes due to redistribution§l.

Although recent investigationsof various large scale moleculasystems(98-104] glready revealed
exquisite detils of energy transfer and trapping mechanisms, moderately complicated,
handsome toy systems can provide easy and profund access to the relevant modeled
interactions. Naturally a detailed survey of small systems composed of a comprehensible
number of components yields detailed understanding of their functions and mutual interactions

that can be extended to largeentities.
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The synthesis of the Ilutetium(lll)bisphthalocyaninatotetrabutylammonium  salt
[Lum(Pc?)2]” [N(n-Bu)4]* is carried out via a base catalyzed cyclotetramerization reaction of

phthalonitrile with lutetiumacetate in the bulk -phase at elevated temperature.

The synthesized compound is characterized by means of elementary analysis, nuclear magnetic
resonance (NMR), electronic ultravioletvisible (UV/VIS) and fluorescence as well as vibrational

infrared (IR) and Raman spectroscopiefist asmass spectrometry.

Metal -ligand bonding

In its most stable oxidation state lutetium exists as an electropositive trivalent ion in the
electronic configuration [Xe] 4#4. In this state the neutral atom has lost its 5dand 6 valence
electrons and retains a closed 4f shell #it is located inside the ion (underneath the S5sand 5pp
orbitals) due to the lanthanoid contraction. The small overlap with the macrocyclic ligand
orbitals contributes very little to chemical bonding so the interactions holding the complex
together are manly electrostatic in nature [198], Rare earthcations are usually considered as an
inert spacer between the dianionic phthalocyanineligands and the resulting organometallic
chemistry is dictated by their relatively large sized ions, their high Lewiscidity and the

tendency to be presemat high coordination numbersi1os],

(a) General aspects of the synthesis

The synthesis is implemented referring to known procedures from literature, especially those

from Koike [106] and Konami(107],

These synthetic compositions rely on the mostsimple approach where a mixture of the
corresponding metal salt and phthalonitrile is stepwise heated in the bulk phase (without use of
a solvent) to 280 °C until solidification of the melt signals completion of the reaction (after one

to four hours) following chromatographic purification of the resulting reaction productsitogl,

This phthalonitrile method owes the benefits that the crude reaction products contain less
contaminations than comparable reactions starting from ther precursors since each
phthalonitrile corresponds to one eights of the formed complex and hence only side reactions

associated with different polymerization states occuftel.



In absence of a base the reaction proceeds to the radical sandwich dimer referred to as the green
form or the neutral species as the main reaction producince the trivalent oxidation state of the
rare earth cation requires balancing of charges by three electron#\ddition of alkaline reagents
(bases or lyes) leads to partial formation of the respective reduced form (blue form) of the

complex[54.73],

The excessunreacted phthalonitrile and thermally labile by-products can be removed from the
melt by sublimation (reducing pressure to less than 1 Torr at 280 °C) after the reaction has
ceased. This is due to the unusually high thermal stability of phthalocyanine gsamich

compounds.

This cleaning firm is advantageous in that it considerably eases the following chromatographic
purfication step with regard to preperative scales since phthalocyanines (Pc) generally exhibit

strong tendencies to aggregate in solutiof#4l.

The chromatographic separation is progressed by flushing the dissolved crude reaction mixture
over solid aluminium oxide in a polar mobile phase under basic conditions to stabilize the

anionic species and protect it against protolysis.

The anionic fractions are precipitated through addition of the nonnucleophilic (sterically

hindered) cation tetrabutylammoniumbromide (TBA*Br’) and crystallized.

(b) Reaction mechanism

Cyclotetramerization reactions are strongly exothermic and usually take place under drast

conditions that complicate the elucidation of their formation mechanism#&a4.

The afterimagel1%9 depicts the proposed scheme of the base catalyzed cyclic tetramerization

reaction of metal phthalogyanines underinfluence of a kinetic metal template effecit10l,

Therein the metal cation serves as an activating agent polarizing the nitrile group and furtheron

functions as an anchorage point for guiding the assembly of reactive unitsol.

The base acts as a catalyst initiating thdinitrile cyclization through its electrophilic attack on
the activated carbon (1101, The latter then starts to react intramolecularly with thesecond nitrile

function in a nucleophilic addition reaction yielding isoindolinimine as an intermediatgs41.

The tetramerization proceeds onward via oligomers created from sequential additions of

phthalonitrile monomers complexed nearby to the central metal cation.



The last step in the ring formation is believed to be the closure of a metabordinated non

planar openchain tetramer where the dissociation of the base yields the desired phthalocyanine

[54]

H‘I,é__J

O -0 - -0, -0
o

Figure 1: Steps in MPc formatioh®?.

The preferred formation of a sandwich structure is attributed to the size and coordination
requirements (coordination numbers eight, nine or ten) of the lanthanoidon [105], Since a rare
earth metal is too large to completely fit into the central cavity!19 of one phthalocyanine moiety
alone the spatial arrangement of intermediates in its coordination shell favors to lock up another
macrocycle when additional coordinatingligands are mostly absent or losely bound due to the

harsh reaction conditions.

Typically the observed product distribution of base catalysedreactions involves mixtures of
diphthalocyanines in different redox states Their appearance is rationalizedby one-electron
reductions of the reactive phthalonitrile units or reduction of the open-chain tetramer
intermediates during ring formation. In investigated MPc formations,either the central metal in

a less oxidized stater the base itselfactas reducing ageng [54.111],



However in the applied synthetic approach the catalyzingbase camot be the reducing agent
since it already appearsin the most oxidized state The rare earth acetate indeed undergoes
thermal decomposition near the reaction temperature to the rare earth metal oxide CQ and
acetone [112] put neither of them is oxidizable Coordinated crystal water is thought not to
participate in the reduction processsincesimilar products are obtainedwhen usinghighly dried
precursors. Accordingly it has been argued that dissolving the crude reaction product might

reduce the complex113l,

(c) Reaction apparatus: Kugelrohr (ball tube)

RECIPROCATING

WINDSHIELD WIPER
COOLING MOTOR

/—/"ou-orr

:/_{/.-\ SWITCH

,7| comprEssED
AIR

THERMOMETER

Figure 2: Scheme of thedll tube apparatus used to carry out the reaétin

The apparatus consists ofa sealable chamberquipped with a fan that provides uniform air
circulation, a digital thermostatto control ambient temperature and a central bulb containing
the reaction mixture. The chamber is heated via aoil surrounding the reaction bulb which is
obliged to a transformer and the thermostat. Outside the reaction chamberthree additional
interconnected, watercooled round flasks are used to collect distillates sequentially by
condensing the passing vaporsA glass joint downstream the cooling stageconnects the
apparatus to a vacum pump. Amotor drive is used to rotate the string of bulbs toincrease

intermixing of the melted reagents

(d) Synthetic procedure:

Reagents

All reagents were purchased from Sigma Aldrich and used as received without further

purification. Solvents are applied in their absolute forms.



Reaction equation

0.5 Ma':

Lu*x H,0

i ot

Figure 3: Reaction equation for the doulddecker formation.

The synthesis vyields several byroducts [19. 74, 1151 gmong others the unreacted metal salt
Lu(Oac), metalphthalocyanine MPc, free base phthlocyanine;Pc, triple-decker phthalocyanine
M2Pc and bicyclic phthlocyaninate (MPcc).

Stochiometric amounts

The reaction runup comprised 4.1 mmol o-dicyanobenzene or phthalonitrile, Ph(CNy, (0,1
mmol excess), 0.5 mmol lutetium acetate hydrate, Lu(OAck HO, as limiting agent and 0.25
mmol sodium carbonate, NaCQ, as catalyst. This mixture corresponds to a ratio of
phthalonitrile : Lu : base of 8 : 1 : 0.5 and is equivalent to the perception that four adaiged
benzopyrrole units constitute one macrocyclic ring so that each lutetium ion will be sandwiched

in between two of these phthalocyanine ligands (eight phthalonitrile monomers in totdl The
reaction is catalyzed by 0.5 equivalents of base. The residual excess of 0.2 equivalents to the

concentration of phthalonitrile assures a complete reaction

Implementation

In order to avoid disrupting interferences all used glassvares were carefuly dried and the

whole apparatus was purged with Argon to exclude possiblexidation of the Pc moidies [116.117],
The reaction has been implemented a®llows:

U Outweighing stdchiometric amounts & proper mixing

U Kugelrohrdestillation under Ar atmosphere and constant mixing

pum J#dq ¢nd EAAQOET C T omnd EAAD AOD

quym J#d puvd EAAOET ¢ 7 ¢mndéd EAAD AO

-280 °C + vacuum (< 1 Torr) for 1 hour

ob

ob



U Cool to room temperature and crush crude reaction product
0 dissolve in CHCN (abs.) on ultrasonic bath
U filtrate with suction filter and constrict

U column chromatography to separate products

-AlOx 90, neutral, activity grade |
-MeOH / MeONa (0,2 %)

U check quality in UV/VIS and collecfractions

U rotary evaporation and addition of (n-Bu)4N*Br
U crystallization at-30 °C for 2 days

U purification by washing with DMF

U dry on vacuum line for 23 days

During the heating periods the temperature is raised slowly to allow for proper mixing of the

melted solids andto createa homogeneous blend.
A summary of the most evident observations during preparation periodomprises

U liquefaction at T > 145 °C to a brown granular and viscous mass

0 mixture turns to brownish liquid during constant interval at T = 150 °C

U discoloration from brown to light brown plus crumbly solid residue at T >
160 °C

U appearance of a light greenish glimmer accompanied by a color change to
dark green during heating period to T=280 °C

U changeover to dark blue in the course of cortant heating at T=280 °C

U sublimation at T=280 °C under reduced pressure < 1 Torr causes white
vapor fumes to rise that condense as white needles in the downstream
water cooled flask

U dark blue to black solid with violet gloss left over

U dissolving crude reaction mixture in CHCN vyields a dark blue solution and a

black unsoluable residue probably elementary carbor)

9



After comprehensive filtering of the received solution the mixture is separated in a preparative
chromatographic column filled with an amount ofstationary phase (AIOx 90, neutral, activity

grade I) that equals the 86fold quantity of the theoretical reaction turn-over (~ 50 g).

Basic methanol containing 0.2 v/v % sodium methanolate (MeONa), prepared by dissolving 1.6

g Na in 11 of MeOH (abs), issed asmobile phase

The fractions appeared in a satisfying timerdering

c:

starting with some yellow volume (with an unstructured UV/VIS spectrum),
U followed by a smooth passage to pure radical dimer (green),

U then the main green band,

U a mixed fractionof green and blue eluag,

U pure blue reduced species

U and some undesirable blue quantity.

The collected eluaé made up approximately 20 fractions a 5 ml with a ratio of dark green to

dark blue of around 1:4.

The fractions were checked for compliance withpublished UV/VIS spectra on the fly and the
appropriate ones were collected, crystallized and purified. The used instrument was a Shimadzu
UV mini 1240 UV/VIS spektrometer [ -range: 200 nm- 800 nm, scan speed: medium, No. of

scans: 1) where each measurenmt was referenced to pure solvent (0,2 v/iv % MeONa / MeOH).

After rotary evaporation an amount of 81 mg TBABr = corresponding to an expected yield of 50
% of the full theoretical conversion was added and after crystallizing the excess salt was

partially removed by washing the obtained crystals with icecooled DMF (abs.).

The practical yieldafter three days of drying on the vacuum line amounts to 36.6 mg of product
(M ([LuPcz]” [N(n-Bu)4]*) = 1442,52 g/mol) which equals 5 % of the theordtal turn-over.

10



(e) Variation of reaction conditions

The described procedure employing a tenfold stochiometic amount resulted in little change of
the product count. Such an indifference suggests a dominant role of the metal template effect
since ring formation reactions usually proceed via statistical reunionof their ends and are

thereby sensitive to concentration effects.

A test to improve the amount of reduced product included adding the reducing agent

hydrochinon under basic reaction conditions.

In this attempt a ratio of phthalonitrile : Lu : base : reducing agent of 8 : 1 : 1.5 : 0.5 was used
since one electron (or 0.5 eq.) is necessary for the reduction of each sandwich complex.
Accordingly 1 equivalent of base is needed to neutralize the relsed two protons from the

oxidized hydrochinon. Again on top of this an excess of 0.5 eq. of base acts as catalyst.

Although there was a net increase in the reduced form this approach unfortunately led to
troubles in the described chromatographic procedurgincomplete separation) and resulted in
partial alterations of the spectra in the UV region (probably due to the addition of benzhinone

into the ring system).

Additional remarks

During the synthetic work it turned out that the reduced double-decker comgex is rather
sensitive to protolysis so special care has to be taken during the preparation with regard to the
used solvents (absolute aprotic ones only) and storage conditions (e.g. unfreezing, avoidance of
moist air). Low levels of humidity in surrounding air are unproblematic but long exposure

should possibly be avoided.

Under proton addition the reduced species (blue) reacts to the radical form (green) so the

sensitivity to proto- and hydrolysis can be correlatedvith the proposed redox equilibrium 66, 118-

120],

Both the radical and the reduced species argable with respect to oxygen11sl,

11
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The synthesized compound is investigated spectroscopically as a quality check of the applied

methodology.Device specifications arggiven in gopendix A.

(a) Elementary analysis

Elementary analysis combusts the sample in an element specific way and measures the amount
of produced gasesThe obtained mass percentages are then used to backlculate the sum
formula. The samplewastested microanalytically with respect to the elementscarbon, hydrogen

of these elementswere obtained.

and nitrogen. The following mass percentage$ 0

Measured quantities (%w/w):

Lu: not determined, C: 30.95, H: 3.75, N: 6.34

The amount of a component is evaluated according t® P U O—:) which results in a

reconstructed sum formula ofGyHs4N7.  This clearly contradicts the theoretical predicted values
of Lu: 12.13, C: 66.61, H: 4.75, N: 16.8bw/w) for LUC goHesN17.

The deviations might be rooted in an incomplete combustion processes or trace back to

insufficient drying of the complex.

Onepossible explanationcould lie inthe mineralization process of metalcontaining compounds

It often yields diverse problems associated with the formation of either thermally
indecomposable components like oxides and carbonates or metastable compounds which are

only slowly degrading.

"AOEAAO EOGO0 1 EEAI U OEAO OEA OEAOIitdelf prevend 3O0OAT A
complete burning and leads to acquisition of pyrolysis intermediates and/orincombustible

reaction products. This would especially account for the large inconsistencies in the nitrogen

and carbon values.

Other reasons affecting the accuracgould be persistent attachment of crystalwater or solvent
molecules to the complex The applied synthetic reagents could not be obtained completely
waterfree and solvent molecules might havenot evaporated under the useddrying conditions.
The largeextent of deviations makes it impractical to seek for water or solvent contributionsin

the recorded data

12



(b) Nuclear magnetic resonance (NMR)

All recorded NMR spectra indicate highly symmetric structure consistent with the point groups

D44, DunOr atime-averaged configuration (spinning of the rings)071.

C
W\Cn

C / o H \C’"\Ce
g\\ / g \N+

Figure 4. Applied nomenclatur to the observed NMR signals of the dimer complex (left) and the TBA

counterion (right).

Symmetry

A listing of the symmetry elementd!21l constituting the molecular point group is essential to the

interpretation of all spectroscopic disciplinesand is therefore mentioned.
Dag (4K4 £C)) A symmetry elements: E, G4G, 4Kq4, S

The point group D4q forbids a dipole moment due to the presence of thes@xis and the four €

axes since the dipole vector can not simultaneously point in severdirections [122],

a.H-NMR

The tH-NMR spectrum in DMSO is conspicuously simple in thi only displays two signalsthat

can be associated with the phthalocyanine macrocycles.

The absence of additional proton peaks can be explained by symmetry considerations since
molecular parts that exhibit the same transformation behavior arechemicdly equivalent and
will thus lead to the same chemical shift. The main rotation axigx{) transforms all four
isoinolinimin units constituting a ring into each other so only the protons of one benzene unit
per phthalocyanine remain to be spectroscopically distinguishable. Protons situated on opposite
sides of each benzene ring are mapped onto eaother by dihedral mirror planes (£q) that are
vertically intersecting the benzopyrrole units. The dihedral twofold axes (&) identify

hydrogens in the foreground on the upper benzene unit with the onsin the backgroundon the

13



lower ring. Together thesesymmetries allow only for two evaluable proton speciesdenoted

Hgand H,.

o.10

005

| |
| |

J A L"'-‘.__L“J UG

000

Figure 5: 1H-NMR spectrum of [LUuPc2['BA+ in DMSO.

Both of them correspond to aromatic protons of the benzene groups and exhibit markedly high

chemical shifts even though the reduced dimer complex is diamagnetic.

The low field shift (large -values) of peripheral protons is mainly caused by a deshieldingffect
ascribed to the ring current characteristic to cyclic, conjugated systenm&3l. The induced field of
OEA AE OAdkttrArd Fehhgnces the applied magnetic field, on the outside of the
macrocycle and thereby deshields these nuclei while the resulting field counteractd, in the

inner regions and shifts those protons to higher field (low chemical shifts).

Figure 6: Depiction of thearomatic ring currentounteracting the applied magnédiild in the inner regions of

the macrocyle and enhancing it on the periph&Rj.
Considering the ring current effect on thdocations of the ring protons it is deduced that the low

field multiplet at 8.20 ppm corresponds to Hand the high field multiplet at 8.86 ppmis then

assigned to theHyspecies.

14



Another factor that strikingly influences the chemical shift is the changen charge density upon
transition from neutral sytem to anionic complex(123l. In this case the increaseghielding moves

the signal downward on the ppm scale.

A change in chemical shifts due to steric effects, that is the deformation of electronic charge
distributions by force of van der Waals interactions betweenadjacent groups (deshileding
effect) will be rather small because of concave distortions of the ring periphery and is probably

covered by the other effects.

The observed diamagnetic ring current anisotropy (outer protons deshielded, inner ones more
shielded) is regarded as a qualitative critetim of aromaticity and the 4n+2 a-electronic

character of the systeni1231,

The multiplett structure (quadruplet) of each proton signal arises from a higher order effect

between mutual3Jand4Jcouplings ofHy/ Hy within one benzene unit.

The Hy signal is a bit broader andf higher intensity than H,. Since intensities intH-NMR spectra
are proportional to the number of Hnuclei the integrated peak areascan be used to determine
compositional percentages of hydrogen atoms in the molecule to crosbeck the result of
elementary analysis. The intensity of Hy was normalized to 16 and compared to the other
recorded values. The intensitiesof the ring protons are slightly lower (10%) than the TBA
signals. This is probably caused by insufficient purification of excess TBA bigt otherwise in
accordance with the expected valug It is therefore concluded that elementary analysis gave

incorrect results for the mentioned reasons.

Except the two aromatic proton signals no other strongly shifted peaks could be identified in the
recorded region that lead back taoordinating water or protonation of the isoindole nitrogens.
Any present aystal water would exhibit a larger chemcial shit as compared to free water
moleculesoriginating from its proximity to the ring system since it was found to be Fbonded on
the periphery of the complex[125l. Rotons on the inner isoindole nitrogers will be shifted to
I T x Av@lues and areexpected around-10 ppm. The latter region was not covered by the

recording routine and its presence can threfore not be excluded.

A similar spectral simplicity is observed in the shift region of the dissolved TBA protons so that

likewise a highly symmetrical structure is assumedio7l,

TBA signals are assigned by considering theductive influence of the ammonium nitrogen onto
the charge distributions of its surrounding protons which yields Hat 3.17 ppm, K at 1.57 ppm,
Hzat 1.31 ppm and H at 0.96 ppm.

15



A broadening of the [LuPg]” signals as compared to those of TBA may result from an altered
relaxation through presence of the rare egh ion or existence of some radical dipthalocyanine
Aggregation phenomenaare assumed to be absent duto the association with thebulky TBA

cations.

Table 1 *H-NMR shifts, multiplicitiesand intensities of [LuRE TBA*in DMSO. Multiplicities are abbreviated
s for singlets, t for triplets, q for quadruplets and m for unresolved multiplets. niéwsities have been

normalized toheexpectedralue of 16

Hn 1 £ DDI Y multiplicity Intensity
Hq 8.86 q 16
Hg 8.20 q 16
He 3.17 s

Hy 157 m 17
H, 1.31 m 17
Hy 0.96 t 17
Hrop 3.30 s 1875
Hbmso 2.50 m 262

b. 1SCNMR

By reason of the same symmetry elements only four observable carbons can be identified.

In contrary to 'H spectra, the ring current effect inBCG-NMR does not contribute as much to the

shift of ring carbons resulting in a similar absorption range ohromatic and olefinic carbong123l,

The 13C-shift positions are strongly influenced by the hybridization of the considered carbons

owing to large paramagnetic shielding by the p-electrons. Therefore sp?-hybridized carbon

AOT 1O 1T &£ OEA T AAOT AUAT A AAO@ds ofhdTBAtaich O EEAIT A j E

As the absorption range in13C excesses a larger region the influences of any change in the
chemical environment has more profund effects on chemical shifts. This means that the
spectrum displays the presence of distant inductive groups and distinguishélose carbons that

are closer to electronegative nitrogens by a high chemical shift.
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In the same waydifferent alkylation pattern s give the chemicalshift series: Guim <7 Gsec <] Gert

<1 Guart-

Furtheron the assignment of the carbon atomsre cross-checkedby comparison of tH-coupled

and decoupled3G-spectra.

In the tH broadband decoupled spectra £&and CH signals are facing upward while Ckland CH

are pointing downwards.

The phthalocyanine carbons aressigned a<C, at 154 ppm, ¢ at 138 ppm, G at 128 ppmand G
at122 ppm.

The TBA carbonsassociated withthe following shifts: Gat 57.89 ppm, G at 23.41 ppm, G at
19.57ppm and G at 13.84 ppm.

13C-14N couplings are usually not revealed because the nuclear quadrupole momentiéfl leads
to fast relaxation so that the coupling is hidden in the line width. However, in the case of TBA it

is seen since itelectric field gradient is rather weak

Era

T
18

18

LI

[-1.]

lﬁﬁrnw

Figure 7: *C-NMR spectrum of [LuP4 TBA"in DMSO.

In the routine 13G-NMR spectra no quatitative statements about the ntensities of the individual
peaks can be madeas their population differences are affected by differat relaxation and NOE

patterns [123],
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Table 2 **C-NMR shifts, amplitudes and assignments of [LJJPEBA*in DMSO.

G 1 £ DPIY amplitude assignment
C 158.96 pos. Q

G 137.15 pos. Q

G 129.00 neg. CH

G 121.91 neg. CH
G 57.89 pos. ChH
(of 2341 pos. Ch
G 19.57 pos. Ch
G 13.84 neg. CH

Comso 39.5

c.COSY

Correlation spectroscopy (COSY3hows proton connectivities by revealing spin-spin-couplings
up to three bonds between vicinal hydrogensA 2D plot of *H chemical shiftson both axes
visualizes existing correlations between them DEACT T Al 7 #\A AE)Gn theHH COSY
resemble the linear tH-NMR spectrum Interaction partners can be easilyidentified by cross
b A A ExQA T} A1) that indicate close proximity.

Through space (dipolar) couplings between upper and lower ring protons and those between
the phthalocyanine and the TBAcounterion average out in solution so no statement about their

interactions can be made by COSY.

The benzene protonsof the macrocycle are connectedas seen by the characteristic square

pattern of diagonal and offdiagonal peaks in the high chemical shiftegion.

TBA hydrogens also interact with each other as indicated by three rectangles in the upper right

of figure 8.
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Figure 8: COSY (H-'H correlation) spectrum of [LUBETBA*in DMSO.

d. HSQC

Heteronuclear single quantum coherence(HSQC) spectra indicate peaks that correspond to
directly bound (1J coupled) hetero-nuclear correlated (3C-tH) signals. Becausea connection
between different nuclei is probed,no diagonal peaks are observableThe recorded2D plots
consist of 1H broadband decoupledt3C versus the corresponding 'H spectra. Accordingly each

hydrogen can unambiguously be assigned to the appropriate carbon.

.
1 (ppm)

T
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—
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Figure 9: HSQC 6ingle bond*C-'H correlation)spectrum of [LuPg TBA*in DMSO.
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Table 3.**C-'H correlation table from HSQC measurement of [LIABA*in DMSO.

G 1 13C [ppm] associated H, 1 tH [ppm]
G 158.96 - -
G 137.15 - -
G 129.00 Hg 8.20
G 121.91 Hg 8.86
G 57.89 He 3.17
G 23.41 Hy 1.57
G 19.57 H; 1.31
G 13.84 Hs 0.96
Gomso 39.5 Homso 25

e. HMBC

A heteronuclear multi bond correlation (HMBC) spectrum visualizethe same13G-1H shifts as in

HSQC but correlateshem over three (sometimes also four) bonds.
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Figure 10: HMBC (multi bond™C-'H correlation) spectrum of [LUBETBA*in DMSO.

The most intensive signals are related tédJ and3J couplings, the less intensive ones correspond
to 2J or4J correlations. The trend of highlighted odd numbered couplings was well behaved in the

aromatic but for the TBA catior2J rather thantJ couplings are more pronounced.

(c) Electronic spectroscopy

Electronic spectroscopy is a versatile tool indentifying electronic properties resulting from the

energetic and steric interplay of the macrocyclic ligands.

a. UV-VIS spectroscopy

UV/VIS spectroscopy is probably the most useful spectroscopy for a quick identification of
sandwich dimers. Information about the structure, the substituents, the redox state of the

macrocycle and the central metal cation can be obtained from the positisrof the UV-VISbands.

The Qband position in the VISgenerally varies depending on the size of the lanthanoid cation
due to modulation of excitonic interactions with an altered distance between the two rings
Substituents in 1 -peripheral positions (e.g. benzoannulation)modify the FMO energies and

thereby change the locations of the individual bandg3l.

The considered anionic lutetium phthalocyanine dimer exhibits two peaks in the visible region
(Q-bands) where the energetically higher one corresponds to mostly localized excitation (A-A*
transition between an a, HOMO and an gtype LUMO) on one ring réerred to asexciton (EX)
state while the lower energy optical absorption peak stems from a charge transfer (CT) state
between the two rings [78-80, The shoulder on the high energy side of the exciton band is

attributed to a vibronic progession denoted as @.

—=» =2
| CT)

IEX)

Figure 11 Depiction ofdominant excited state configurations that correspond to the mbhan@s. CT denotes
the low energycharge transfe@-band and EX indicatethe high energyexciton Q-band!*?®. Hollow arrows

represent transition dipoles and full arrows correspond to transitions between different rings.
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When comparing theVIS spectra of themonomer and dimer, the charge transfer contribution
becomes obvious by notinghe accompanyingspectral changes. The monomer -Qand becomes
split up asymmetrically, the widths are unequal andthe resulting intensities differ. Such effects
cannot be obtained from a simple esitonic interaction alone. Tteoretically this is not surprising
since exciton theory is only applicable to properly separated dipold$27.128], This conditionis not
fulfilled in the dimer complex as the separation of the macrocycles is less than their van der
Waals radii [106. 1291, The electronic structure of the[LUPg] is therefore dominated by orbital
overlap and configuration interaction contributions [130], The inapplicability of exciton theory
also prevents predictions of the molecular point group on basis of the relative orientation of
transition dipole moments.

Absorption bands in the UV range (Soret or Bands) are probably also caused bya-a* and CT
transitions of the P& benzenecomponents (131, although a clear cut assignment of individual

bands in the Sord region is complicated by a relatively high density of possible electronic
excitations[132],

The UV-bands followingthe BOACET 1T  OET x OAOAI -Andpbhbdokptiodbandd. AT UAT A

Experimentally obtained values inbenzonitrile (BN) are FX= 618 nm, &T=702 nm, Q' =565
nm, BEX=333 nm, BT=411 nm. The different state characters manifest themselves in individual
solvent dependences. The CT-Qand is more strongly affected by a change of the solvent than
the EX band by virtue of a higher dipole momentThere are no UV/VIS bands that careldirectly
correlated to the 4felectron configuration (73],
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Figure 12: Measured UWIS spectrum of [LuPc2]TBA+ in CHsCN.

A recorded UV/VIS/NIR spectrum of the reduced complex up t8000 nm could not identify
previously reported extra bands (132 at 520 nm or around 950 nm and 1060 nm within the

instruments sensitivity.
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b. Fluorescence spectroscopy

While monomeric phthalocyanines show intensive fluorescencom the Q-band, none could be

detected in the corresponding dimerc complexes
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Figure 13: Recorded fluorescence spectra of [LUPGHA+ in BN (blue) at different excitation wavelengtbs

333 nm(top left), 617 nm(top right) and 702 nm (bottom left). A reference spectrum of pure BN excited at 620

nm is shown in grey (bottom right).

In the first graph the BFXband is excited at 333 nm and the emitted fluorescence is detected

corresponding to the second peak around 400 nm. The third peak at 660 nm is associated with

the second diffraction order of the excitation beam. The fluorescence curveamns to be broader

than the excited Soret absorption band in this diagram but equals it if the appropriate

normalization factor (1/5%5) is taken into account in the wavenumber representation.

Fluorescence from a higher excited state is unusual in that itivii AOA O

+AOEABO 001 A

reported for some moleculessuch asbenzenel133l, This finding fits to the similarity of the UV

absorption bands to those of benzene.

The second and third figures display the happenings after exciting theEQand (FT states

respectively. Both sates behave in the same manner anckflect no detectable emissionwithin

the experimental sensitivity of 10“. The recorded spectra display a sharp peak corresponding to

the wavelength and width of exciting light flashThe small bump at 660 nm in the Eregion is

related to a solvent Raman mode as can be sefeom the solvent response
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The different recorded intensity are related to the excitation energy densities at these

wavelengths.

The three most common mechanisms of fluorescence quenchifig§4 are intersystem crossing

(heavy-atom effect), electron exchange (Dexter mechanism) amhotoinduced electron transfer.

These mechanismscan be excluded based on observationsreported in literature and the
experimental results obtained by ultrafast spectroscopy.In [LuPc¢] , intersystem crossing is
insignificant (1351 andwould lead to phosphorescencewhich was not detected.Electron exchange
is not feasible due to lack of an appropriate acceptaind photoinduced charge transfer to an
external acceptorwould be easily identified by significant spectral changesiowever, none of

them areobserved on ultrafasttimescales

Broadband pump-probe measurementspresented in the last section rather suggestthat the
excitation relaxes within 150-200 fs to a dark state that moves the populatio out of the

observation window.

(d) Vibrational spectroscopy

The sensitivity of vibrational spectra to symmetry can be used to distinguish betweenpand
D4n point groups since in centrosymmetric molecules the mutual exclusion rule dictates that no
common absorption bands are allowed in IR and Raman specti&®l. In the case of lutetium
bisphthalocyanine weak IR signals or strong Raman ones are of 8ymmetry while in the
opposite instance the vibrations are of E typd137. The Dy symmetry of the complex was

confirmed by Lu et al.through appearance of several common bands! .

a. Infrared spectroscopy

Due to the high symmetry and the lack of a dipole moment there are only little observable bands
in the infrared spectra. The active bands comprise a few fundamental modes associated with the

macrocycle. These includés2 136,138]

U CH wagging at 730 crit

U isoindol breathing coupled to GH bending at 11161115 cni*
U pyrrole stretching at 1310-1330 cmi'*

U isoindol stretching at 1440-1455 cmi*

Marker bands used to differentiate redox states of the phthalocyaninmoieties are located at

1310-1330 cmi’. An appearance at 13101320 cmlis assodéated with a radical ligand (Pc)
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whereas a band at 1330 citdenounces the dianionic ring (Pt) becausea shift to higher

x AOAT O1 AAOO EO AEAOAAGldrénio Gebsky1®@BehT ET AOAAOA
A solution of the dimer inBN at the same concentration as in the UV/VIS/NR measurement was
recorded in a transmission cell using ZnSe windows and a 200 um spacer. The following spectra

in the range of 700cm *to 8000 cm ' were obtained.

The characteristic bands of the dimer complex appear to be of very low intensity and are
therefore rather noisy. Especially n the region below 1000 en'?, large contributions from lamp
fluctuations and the nonlinear behavior of the detectorlead to artefacts during the background
subtraction. Despite the bad quality bands are identified at 1112n¢ * 1330 cm *and 1381 cnit.
The first two correspond to the doubledecker complex and the latter isprobably associated
with alkyl deformation modes of the TBAcation. The isoindole stretching mode around 1440
1455 cmi ! could not be resolved since the noisy background is dominating this are@he region
from 700-1000 cm *was not trustworthy enough to be interpreted owing to an oblique baseline

and strong noise.
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Figure 14: MIR sector from 1000 to 1500 ¢hshowing identifiable bandat 1112 critt 1330cm * and 1381

cm *that are associated with the dianionidiBands

In the region of 3400 3600 cmi® a single, broadand medium intense band would be expected

for N-H stretching modes. However, none such barabuld beidentified.

To investigate whether the complex is protonated at the isoindole nitrogens series was tested
where defined amounts of water were addedFig. 13 shows amounts of free watethat were

added tothe sample yielding characteristic peaks around 3550z 3700 cm' %,
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Figure 15 MIR- NIR spectrum of [LuPg TBA™ in BN (black line) and with increased water content (grey

line).

Further increase in water content was not possible becauseit led to full covering of the

considered range by vibrations of water associated HHonding networks.

Identifiable signals in the region of 2850cm™* to 3000 cnri * were found to bewater independent
and are assigned @ CHstretching vibrations of the TBA cation because of their characteristic

grouping, the sharp band pattern and relatively weak absorption.
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Figure 16: MIR spectrum of water independent bands assigned to the TBA .cation

Differences in intensitiesbetween the complex and TBA signals are justified by some excess TBA
concentration and a higher dipole moment on account of its alkyl chains being more mobtlean

the phthalocyanine units.
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b. Raman spectroscopy

Bands specific to diphthlaocyanines are issing [132], therefore only vibrations associated with

the macrocycle can be used as indicator7.139]:

U isoindole and macrocyclic radial ring vibrations at 4001000 cm'*
U aromatic GH vibrations 1000-1300 cm™*in RR

U pyrrol - and azastretching vibrations around 1500-1515 cm*

Off-resonant excitation at 1064 nm yielded strong solvent (BN) bands 1401, Vibrations that are
assigned to the phthalocyanine dimer only appearedt high concentrations along with an

increasedbackground.

Figure 17: Raman spectra ¢f.uPc,]” TBA™in BN recorded withincreagd concentrations to the tognd pure

BN (light green)as reference

The most intenseband appears at 1500 cm' . The main component of this vibration stems from
C=Cpyrrol - and C=N azastretchings. The band around3000 cm'* probably corresponds to its
overtone. They are in accordance with those of thanionic bisphthalocyanine. The region of

1595 -1600 cm * did not show any evaluable signalshat are indicativeof the radical species
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Figure 18: Raman spectra of [LUBic TBA™ at high concentrations.
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(e) Mass spectrometry

Electrospray ionization mass spectrometry (ESMS) provides a sensitive and accurate method

for high molecular massdetermination to confirm the composition of the synthesized complex

a.ESI|

The high resolution mass spectrumwas obtained by ESIin acetonitrile (CHCN) / methanol
(CHOH)at an applied voltage of4 kV.
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Figure 19: ESIMS spectum of [LuPg]” TBA™in CH;CN / CH;OH.

The molecular ion peak of the singly chargedomplex can be clearly seen as the strongest peak
in the decoded ESI spectrumlhe measured m/z ratio of 1199.8 is in good agreement with the

exact mass of 1199.2721,
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The purpose here wasto pretest whether it is possible to compute excited states and their

vibrational modes to reasonable accuracy to compare it to protruding experimental features.

The calculations are employed to confirm dikely participation of conical intersections inthe
observed ultrafast dynamics, hint to the nature of the involved vibrations and to refine the

energy level schene.

Introduction

The following flow chart depicts the applied general strategy for quantum chemical simulations

of molecular properties of the investigated lutetium bisphthalocyanine dimer.

Quantum chemical caluclations of molecules (QC)

hAT\P = E¥ - Born-Oppenheimer Approximation
Rigid or flexible rotor E .Y _ W= qjmtqjvibqle mmmmmp-  Electronic Schr. equation

The solution is based on PES

HY¥, -EY, l

Hartree-Fock

Harmonic or anharmonic oscillator Ee Y
H Denisty Functional theory H

Semiempiric Semiempiric

v Inclusion of r - . ;
correlation energies approximation approximation

- I 0

' ‘ Complete potential energy surface (PES) for 2-4 atomic molecules

or
For large molecules: harmonic approximation of PES near minima or saddle points
- [—— Electron-phonon coupling —theories starting from QC or MD

Molecular dynamics for large molecules
based on the Electronic Schr. equation
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(a) Calculation of the ground state

A first step in calculating the molecular energies and wavefunctions of the ground state involves
applying the Born-Oppenheimer approximation to the timeindependent Schrédinger equation.

It implies to sepaate energetically different contributions via aproduct ansatz by setting back
the crossterms between nuclear and electronic parts of the wavefunction and thereby treating

them independently[41],

e 3
Ytotal _yelectronic ynuclear

Initially neglecting the nuclear kinetic energy in the total molecular Hamilton operator leads to
an electronic Hamiltonian that depends on fixed nuclear positions through the Coulomb
potential. Solving this Schrdihger equation for one particular nuclear configuration (a set of

fixed nuclear coordinates) results in the correspondingnergy eigenvalue.
- GW -
HE(FR) ¢

Calculating the electronic energies for infinitesamally changed nuclear geometries then gives the
potential energy surface (PES)of the molecule. Reintroduction of the nuclear kinetic energy

operator in the PES expression yields components associated withigiear motions.

(% +£.(R)r(R)=Er(R)

A sparation of nuclear degrees of freedom into internal (vibrational) and external (rotational
and translational) coordinates is achieved by decoupling them using Eckart conditiorig2l,

These give an orthogonal direct sum decomposition of the 3N dimensionapace of nuclear
position vectors into a subspace that is invariant under rotation and translation representing

internal elements and a remaining external subspace.

ﬁfSN) — é‘_‘(sr\l-s) A ﬁ‘(es)

V(ﬁ,i, ..... ’ﬁN):V(§,§, _____ 1&‘;)1 Vinternal

for I%: Rc’;+t (translation) and I%: I%+D—j(s3 F«?) (rotation)

8
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Computing the energy eigenvalue fofixed nuclear configurations is performed by means of

density functional theory (DFT) due the large number of atoms constituting the dimer. DFT
facilitates the calculation shce the electronic density depends only on 3 spatial (plus 1 spin)
rather than 3N (plus 1 spin) coordinates and because all other molecular properties can be
deduced from the density iself143.144]. This issincethe external potential Vex (nuclear positions)

determines the HamiltonianH, therefore the wavefunctionuwjand the densityml145],
Veu (1) =Veel 7 ()]
ro¥Y {N,Z,,R}Y HEY Y, Y E,(andotherpropertie}

A DFT approach to calculate molecular energies relies on the KeBham (KS) equations, an

eigenvalue equation formulated in terms of the electronic densiti4el.

ﬁ(sj iKS = gj KS

The KS energy partitioning operatorhkSis made up from similar contributions as the Hartree

Fock (HF) Hamiltonian in that they contain the usual operatori41 143,144
Elr]=Tlr]+Elr]+Edr]
or
Elr]=T[r]+E.lr]+ Eclr]+E.l/]
which take on the following form:

N

To=SA A ey o win (=2}

M r( [ C
Eext[r] =- a Zm N dr
m=1 r = Rn‘

elr)= LA R Bl

Eclr]=Edr]+Edlr]
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Tikinetic eneri qgepehdent gatticleovavaflngctioni
Eex1 energy functional of the external potential (electnaiclear attraction)
Ee I energy functional of electreelectron interactions

Ecoul Coulomb integra(electronrelectron repulsion)

Exc1 exchangecorrelation energy functional

The energy evaluation in this approach is based on a variational minimization of the energy

functional with respect to the density according tahe second HohenbereKohn theorem1145],

v =l

A0 min  where E[f]2 E[ro]

% %EC)BZ +VCouI(r’8+Vext(r18+vxc(r’88j iKs(ﬁ = e|/ iKs(ﬁ

Because DFT, in contrast to HF, deals with electronic densities rather than point charges it is not
clear how the functionals of the kinetic energy andhe exchange correlation look like. Therefore

it has been most convenient to use the kinetic energy ofsa&t of noninteracting electrons in
terms of KS orbitals 3kS and put all corrections arising from interaction terms into the Ex
functional. Exchangeeffects (energy lowering caused by a positional interchange of electrons
originating from the Pauli principle) are substantially larger than correlation effects (energy
lowering due to a decreased Coulomb repulsion caused by the mutual avoidance of two

electrons).

The functionals normally used in DFT are integrals of some function of the density and possibly

the density gradient[141,144];
Ecclr]= fff (r (7). 2r (F))r

where methods differ in which functionf is used forExand which (if any) is used forEc

In addition to pure DFT functionals most programs support hybrid methods wherein the
exchange functional is a linear combination of the Hartre€ock exchange and a common DFT
exchangecorrelation functional. This is possible within the KohnaSham formulation because HF
theory is regarded as a special case that contains full exchange but no correlation energy.
Interpolation between pure HF and pure DFT by the adiabatic theorem allows for creation of a

hybrid functional by mixing desired amounts of exchange ah correlation from each of the
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functionals. Such functionals are usually the most efficient and offer improvement over pure

DFT functionals

The size and complexity of the considered molecule requires to simplify matters using a split
valence polarized bass set SV(P). Atomic orbitals (AOs) are represented by omparticle Slater
type orbitals (STO) which are constructed from a superposition of Gaussian type orbital (GTO)
functions [1411, A split valence basis set then constructs molecular orbitals (MOs) by assigning one
STO to each AO and a larger basis set to the outer AOs. For that only valemb#als are
calculated in a double zeta basis (twofold amount of basis functions) and inner shell orbitals

which are not as crucial to the calculation are given by a single STO.

To account for charge distribution distortions by an anisotropic environmeh (e.g. by the
lanthanoid or electronegative atoms like nitrogen) extra basis functionsones with higher
angular momentum quantum numbers called polarizing functions have been added that mix

with and thereby distort the valence orbitals.

The KS equationsvith specified basis set and exchangeorrelation functional are then solved in
a selfconsistent loop using appropriate numerics for fast iterative solution like steepest and

conjugated gradients

Each converged loop yields one energy eigenvalue to afided fixed nuclear geometry.Once the
electronic Schrddinger equation has been solved for a sufficient number of configurations the

energy eigenvalues are interpolated by an analytic function.

The resulting ground state PES is then analysed with respdctits stationary points to define the

surface topologyl47l. Stationary points indicate
1. Minima that correspond to stable or quasstable species

2. Transition states that are equal to saddle points owe minima in all dimensions buhe where

they possess a maximum.

3. Higherorder saddle points: aminimum in all dimensions but n, where n > 1 and a maximum

in the other n dimensions

This analysis is done by calculating the gradients of the energy with respect to all internal

coordinates which will be zero at the stationary points.
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Self-consistent iterative loop for solving the KeBham equation

[ choose basis set J

U

{ V... [nuclear positions) known

0

{ initial guess p(7) <

@

{ calculate [p{ﬂ] &V, [P{ﬂ]

0

OO G |
g t generate new p(7)

- —— . yaN
L hKSWfS = Ss‘if’fs where h* = (—EVZ + Va-ff(‘!” )) ]

¢

{ calculate new p(r) =X |.;af5|z ]

e

-

self-consistent ?

Ul

{ calculate energy, gradients, forces ......

Additionally a torsional potential of the ground state is calculated by restraining geometries to
certain values and calculating them using a faster Al / sparkle method parametrized for
lutetium complexes [148, This semiempirical approach is based on the introduction of two
spherical Gaussians with variable coefficients for width, intensity and position to the Al¢

technigue to more accurately approximate internuatar repulsions.
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(b) Normal mode analysis

A normal mode analysisis carried out at stationary points of the ground state PES to
characterize nuclear motions (vibrations). For this purpose the harmonic approximation is
invoked, meaning that the nuclear Schrédinger equation is solved in the internal molecular
frame where only the vibrations enter the eqation, so thatthe PES is approximated as a
quadratic function of atomic displacements(i49. Applying the harmonic approximation, the

Hamiltonian can be converted into a sum of uncoupled orgimensional harmonic oscillators.

Such an approximation yields enormous simplification because analytical solutions to the

gquantum mechanical harmonic oscillator are known.

Vibrational frequencies are computed by determinig the second derivatives of the energy with
respect to the Cartesian nuclear coordinates called Hessian matrix, then transforming the
Hessian and the displacements to masseighted coordinates and orthogonalizing them by an
affine transformation. Diagonaization of the massweighted Hessian yields eigenvalued;,
corresponding to the force constants which are connected to the vibrational frequencies and

transformation of the displacements to an orthogonal space yields normal coordinat&gel.
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http://en.wikipedia.org/wiki/Quadratic_function
http://en.wikipedia.org/wiki/Harmonic_oscillator

f 1 eigenvalues of therthogonalizednassweighted Cartesiarfiorce constantmatrix
i

g 7 normal modes of vibration
I

M T mass coordinate matrix

T 1 transformation matrix

Typically the calculated harmonic frequencies are 10% higher than the experimentally observed

vibrational frequencies. This discrepancy is rootedh the harmonic approximation.

(c) Calculations of electronically excited states

While the main scope of DFT is a descrigih of the ground state properties of a system at
equilibrium an extension in time domain grants access to excited states and nequilibrium

properties [150,151],

Computation of excited states involves the use of the tirgependent formalism of DFT (TDDFT)
that is based on response theory which states that an applied tirdependent potential
(radiation field) has the effect of perturbing the electronic ground state density. The change

between initial and final configuration is mediated by the response function.

A simulation of optical absorption spectra requires computation of the molecules first excited

state that is directly accessed in TDDFT via the linear respsaé term of the perturbed system.

The conceptual and computational foundations for solving the timelependent KohrSham
equations are similar to the stationary case in that one has to determine the effective potential of
a fictitious non-interacting systemthat is the same as that of the interacting one of interest and
find the correct density by variation. In TDDFT an exchangeorrelation kernel fxcis responsible

for corrections to the nonrinteracting KS linear responsé15s0.151],

In the time-dependent case calculating the density comprises variation of the actioftime

integrated expectation value)rather than the energy functional of DFT.
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DFT:

TDDFT:

Linear response TDDFT
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