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Abstract

Supersonic jet-isolated porphycene (Pc) and its isotopomers have been studied using the
techniques of laser induced fluorescence (LIF) excitation, single vibronic level fluorescence
(SVLF) and hole burning spectroscopy, combined with quantum mechanical calculation of
geometry and vibrational structures of the ground (So) and lowest electronically excited (S;)
states. Porphycene is a model for coherent double hydrogen tunneling in a symmetrical double
well potential, as evidenced by tunneling splitting observed in electronic absorption and
emission. The results led to reliable assignment of low frequency modes in the Sy and S;
electronic states. The values of tunneling splitting were determined for ground state vibrational
levels. In the case of tautomerization promoting 2A, mode, values of tunneling splitting were
found to increase with vibrational quantum number in the ground state of Pc. Replacement of
one or two hydrogens in the NH cavity by deuterons lead to drastic decrease of tunneling
splitting. Different values of tunneling splitting were observed for co-excitation of two or more
vibrations.

The effect of weak perturbations brought about by hydrogen/deuterium substitution on the outer
rim of porphycene has been studied in detail and reported for jet-cooled heterogenous,
perdeuterated Pc samples (Pc-dnmix) with the prevailing contribution of rim deuterated Pc-d;»
isotopologue. In this case, laser desorption method was successfully applied to introduce the
samples in the jet. The samples introduced into the gas phase were then studied by means of LIF
excitation and SVLF measurements, in combination with quantum chemical calculations. The
influence of molecular symmetry is studied by comparing Pc, Pc-d;; and Pc-d;;. The 0-0
transition in the LIF spectrum of Pc-d;, shows a blue—shift of about 32 cm’! relative to that of the
parent undeuterated Pc, although similar spectral patterns were observed in the two
isotopologues. Comparable tunneling splitting was observed in the two isotopomers, both for the
0-0 transition and the most efficient promoting 2A, mode. In contrast, an unexpected isotopic
effect is observed for the totally symmetric 4A, mode. While this vibration behaves as a neutral
mode in Pc, neither enhancing nor decreasing the tunneling efficiency, it strongly promotes
hydrogen transfer in Pc-dj;. This observation is explained in terms of modification of the
displacement vectors of the 4A, mode upon deuteration.

Symmetric mode coupling (SMC) model was applied to map effect of mode coupling in two
dimensional potential surfaces (one along the tunneling coordinate and the other along the
coordinate of the promoting 2A, mode) of porphycene. The experimental values of tunneling
splitting were well reproduced using this model.

More stringent electronic and structural perturbation on proton tunneling is reported for jet
cooled 2,7,12,17-tetra-tert-butylporphycene (TTPc). LIF and SVLF measurements by
conventional heating method, in combination with quantum chemical calculations show the
presence of two Trans- (one Cy, and the other Cg symmetries) and one Cis- (Cyy) isomers of



TTPc in the supersonic jet. The trans-C,, TTPc was found to be the most stable in the gas phase.
A tunneling splitting of about 10 cm™ is found for the Cis-form while no tunneling splitting is
found for either of the trans isomers. This observation is in accordance with the shortest NH....N
distance calculated for the Cis isomer. Interestingly, the presence of only the Cis-form of TTPc
was manifested in the LIF spectrum measured in supersonic jet using laser desorption method.



Abstrakt

Porficen (Pc) i jego izotopomery badano w naddzwigkowej wigzce molekularnej stosujac
laserowe wzbudzanie fluorescencji (LIF), pomiary fluorescencji dyspersyjnej wzbudzanej
selektywnie do pojedynczych stanéw wibronowych (SVLF) i dwukolorowg spektroskopig
,wypalania-dziur” , wlaczajac w to réwniez obliczenia kwantowo-mechaniczne geometrii i
struktury wibronowej stanu podstawowego (Sy) 1 najnizszego electronowo wzbudzonego stanu
(S;). Porficen jest modelem dla koherentnego dwuprotonowego tunelowania w symetrycznej
studni potencjatu, o czym $wiadczy rozszczepienie tunelowe obserwowane w elektronowej
absorpcji i emisji. Wyniki prowadza do wiarygodnego oznaczenia modow niskoczestosciowych
w stanach elektronowych Sy and S;. Wartosci rozczepien tunelowych zostaly okreslone dla
stanow wibronowych stanu podstawowego. W przypadku modu A, wspomagajacego
tautomeryzacj¢, wartosci rozszczepienia tunelowego rosng wraz z wibracyjng liczba kwantows.
Zastapienie jednego lub dwdch wodorow we wnece z grupami NH przez deuterony prowadzi do
drastycznego zmniejszenia rozszczepienia tunelowego. Roézne wartosci rozszczepienia
tunelowego byly obserwowane dla wspotwzbudzonych dwoch lub wigcej wibracji.

Efekt stabego zaburzenia powodowany zastgpieniem protonéw na obwodzie szkieletu porficyny
poprzez deutery byl szczegétowo badany i zostat opisany dla probki heterogenicznej (Pc-dpix)
o réznym stopniu zdeuterowania ale z dominujacym udzialem obwodowo deuterowanego
izotopologu Pc-dj>. W tym przypadku, zastosowano z sukcesem metode desorpcji laserowe] w
celu badania probki w wigzce naddzwigkowej. Badano fluorescencje Pc-dnmix (LIF 1 SVLF) jak
rowniez przeprowadzono odpowiednie obliczenia.  Wplyw  symetrii molekularnej byt
analizowany porownujgc spektroskopie Pc, Pc-d;; 1 Pc-d;;. Przesunigte w kierunku niebieskim
(c.a. 32 em™) widma Pc-d;, pokazuja podobne rozszczepienia tunelowe zardwno dla przejécia
elektronowego 0-0  jak tez aktywnego modu 2A,. Jednakze nieoczekiwany efekt
zaobserwowano dla calkowicie symetrycznego modu 4A,. Jest on neutralny w Pc podczas gdy
w Pc-d;» zwigksza rozszczepienie. Ten efekt mozna wyjasni¢ analizujac wektory przesunigcia
atomow w modzie 4A, po deuteracji.

Model symetrycznego sprzezenia modu (SMC) zostatl zastosowany do $ledzenia efektu
sprzgzenia modu na dwuwymiarowej powierzchni potencjatu (jeden wymiar wzdtuz
wspotrzedne) tunelowania 1 drugi wzdtuz wspoétrzedne; modu wspomagajacego 2A,) porficenu.
Wyniki do$§wiadczalne rozszczepienia tunelowego zostaly dobrze odtworzone przez powyzszy
model.

Mocniejsze perturbacje zaobserwowano w zjawisku tunelowania protonéw dla 2,7,12,17-
cztero-tert-butylo-porficenu (TTPc) w naddzwigkowej wigzce molekularnej. Wyniki pomiarow
widm LIF i SVLF dla TTPc wprowadzanego do wigzki molekularnej poprzez konwencjonalne
grzanie piecyka a takze obliczenia chemii kwantowej wskazuja na obecno$¢ w fazie gazowe;j
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trzech izomerow: dwoch trans (jeden o symetrii Cyy 1 drugi o symetrii Cs) 1 trzeciego cis (0
symetrii C,,) . Rozszczepienie tunelowe okolo 10 cm™  zaobserwowano dla struktury cis
podczas gdy nie zaobserwowano rozszczepienia dla obu form trams. Jest to w zgodzie z
obliczong najkrétszg dtugoscia wigzania NH..N formy cis. Interesujacym jest, ze widmo LIF
mierzone z zastosowaniem desorpcji  laserowej  wskazuje na obecno$¢ w wiazce
naddzwigkowej tylko izomeru cis.

Vi
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Chapter One

Introduction
1.1 Porphyrins: “pigments of life”

Porphyrins are a class of naturally occurring macrocycles containing four pyrrole rings linked via
methine bridge of which free base porphyrin being the simplest member . The word porphyrin is
derived from the Greek word “porphura” meaning purple. They are in fact a large class of
deeply colored pigments, of natural or synthetic origin, having in common a substituted aromatic
macrocycle ring and consist of four pyrrole rings linked by four methine bridges. Their
numerous analogues and derivatives are materials of tremendous importance in chemistry,
materials science, physics, biology and medicine '), They are the red color in blood (heme) and
the green in leaves (chlorophyll). The essential role of porphyrins in these vital processes of life
ranging from electron transfer, oxygen transport and storage and photosynthesis ¥ made them
labeled as “pigments of life”. Figurel.l presents a few examples of essential porphyrin
derivatives in life and medical application.

HOOC

COOH

(a) (a) (b) (b) ()

Figure 1.1 Derivatives of porphyrin which appear in essential processes of life. (a) The heme
group of hemoglobin (b) part of chlorophyll a and (c) Vertporphin , a photosensitizer for
photodynamic therapy sold under the trade name Visudyne /.

The importance of porphyrins in essential life processes could be further shown by the effects
they reveal in the body during abnormal conditions in metabolism of theses pigments. In this



respect, porphyrins are associated with porphyria, a rare inherited or acquired disorder of certain
enzymes that normally participate in the production of porphyrin and heme. They manifest with
either neurological complications or skin problems or occasionally both '®”. Figure 1.2 shows
the first cases of porphyria, the Miranda family, in Brazil.

Figure 1.2 Boys of the Miranda family of Brazil, with congenital erythropoietic porphyria. Left
to right, Pedro, two years old, Manoel, four, and Gesner, six. The photograph was taken in
August, 1957, prior to splenectomy, later performed on the two older boys. The mutilations- a
consequence of photosensitivity- are evident in the amputations required in Gesner’s right hand
and left ear. The distended bellies are not owing to the ascites of Schistosomiasis or of protein
malnutrition, seen frequently in Northern Brazil, but to splenomegaly, a characteristic
concomitant of congenital porphyria [

I found it more expressive to use the words of David L. Drabkin from his article about porphyria
directly about the contribution of the Brazilian family in understanding the disease:



“ 1 wish to enter here a tribute to the subjects with debilitating disease, who look to us for aid
but who faithfully serve us, frequently at the expense of their personal comfort and with only a
vague hope that eventually we may be guided to understand their needs.” The photograph shows
one of the saddest moments where we have to learn science the hard way!

Another interesting history associated with light sensitivity of porphyrins was recorded (in 1913)
when a German physician, Frederich Meyer-Betz, injected himself with 200 mg of
hematoporphyrin (Figure 1.3a) and registered no ill effect until he exposed himself to sunlight
whereupon he suffered extreme swelling (Figure 1.3 b). This photosensitivity remained for
several months [,

HO_*
OH
pH Hp, 1 pH
Hematoporphyrin (Hp) 1

Figure 1.3 (a) the structural formula of hematoporphyrin Meyer-Betz injected himself * and (b,
left) Mayer-Betz four days later, after he took a walk on a sunny day and (b, right) Mayer —Betz
by the sixth day after injection. [photo taken from wikipedia]"”

From the perspective of coordination chemistry, porphyrins are excellent ligands that can
coordinate with almost every metal in the periodic table. Grounded in natural systems, they are
incredibly versatile and can be modified in many ways; each new modification yields
derivatives, demonstrating new chemistry, physics and biology, with a vast array of medicinal |’
and technical applications !'"'"'?. Because porphyrins possess extended n-electron systems and
exhibit large stability, they are finding applications, to an increasing extent, in advanced
materials as components in organic metals, molecular wires, and other devices S medicine,
porphyrins are experiencing a renaissance due to the advent of photodynamic therapy of great
promise in the treatment of cancer and dermatological diseases . The interdisciplinary interest
porphyrins thus generate has provided the impetus to develop porphyrin-like molecules
anticipated to exhibit special properties, by structural variation of the tetrapyrrolic macrocycle



while maintaining a (4n+2) m main conjugation pathway. The pursuit of this concept has proven
to be highly successful as evidenced by the synthesis of expanded !*'*, reshuffled '), inverted
(161 contracted ', and otherwise modified porphyrins !'¥.

1.2 Porphyrin Isomers

As stated above, one method of modification is simple reshuffling of the macrocyclic ring of
parent porphyrin which results in the formation of constitutional isomers presented in Figurel .4.

3 % EX &R

1 -(1.1.1.1) 2 -(2.0.2.0) 3 -(2.1.1.0) 4 -(2.1.0.1)
Porphyrin Porphycene Hemiporphycene  Corrphycene
Eet 0.0 -1.5 5.1 12.0
5 -(3.0.1.0) 6 -(2.2.0.0) 7 -(3.1.0.0) 8 -(4.0.0.0)
Erer 19.0 28.9 38.7 70.6

Figure 1.4 Porphyrin and its seven (Z)-configured constitutional isomers with an N-core metal
coordination centre. The calculated relative energies (Kcal/mol) by BLYP/6-31G**// BLYP/3-
21G are also shown (the formulae represent the most stable NH tautomer in each case) "'

They differ formally by the arrangement of the four methine units linking the pyrroles. The
numbers in the parenthesis denotes the number of carbon atoms between adjacent pyrrole units.
The X-ray crystal structures and NMR spectra indicate that compounds 2-4 are all planar and
aromatic, just like porphyrin. They all possess the ability to bind metal ions, and their redox



properties are similar to that of porphyrin ", Structures 5-8 are much higher in energy than

porphyrin and porphycene due to sever angle strains in their geometries; whether the synthesis of
these compounds can be achieved, largely depends on their stability. Table 1.1 shows the results
of calculations by Wu et.al ') on the relative stability of the constitutional isomers.

Table 1.1 Calculated relative stabilities (Kcal/mol) of compounds 1-8 !'*]

From all the structural isomers, porphycene (2) was found to be the most stable, even more stable
than parent porphyrin (1). This was attributed to the presence of stronger hydrogen bond in the
former. Porphycene was first synthesized by E. Vogel et. al in 1986 **); and in their report they
said “ to our great surprise, there was no evidence in the literature for porphycene or derivative
of porphycene even though the synthesis of structural variants of porphyrin has long been
pursued intensively in porphyrin research*! . It will be discussed latter that, of course the
synthesis of this constitutional isomer initiated plenty of researches both in fundamental and
application regimes. Successful exploitation of these “pigments of life” can be achieved;
however, via understanding of their fundamental chemical and photophysical properties.

One of the most fundamental chemical processes occurring in free base porphyrin is the
exchange of two inner hydrogens between two inner nitrogens in the so called tautomerization
reactions. Strong interest in tautomerization reaction in porphyrins has many causes. On one
hand, such studies probe basic chemical notions, such as coupling between vibrations of the



protons and heavy atoms, role of tunneling, and cooperativity. On the other hand,
tautomerization, especially when induced by light can be exploited for practical purposes, e.g. in
optical read and write systems. Porphyrins constitute important models for theoretical treatment
of intramolecular tautomerization, because the process occurs in a reaction center of well-defined
geometry, located inside a molecule and isolated from the environment %

1.3. Proton transfer reactions and the role of quantum tunneling

Proton transfer reactions are known to play crucial roles in various physical , chemical and

(25301 “Exploitation of these reactions in synthetic and biological chemistry

biological processes

had been reported °'~%. Proton transfer reactions also play roles in enzymatic reactions ",
cellular respirations **% photosynthesis 361 DNA damage and repair 371
technological perspective, proton tautomerization reactions have been proposed for application

. . 2
in laser dyes and molecular memory devices **.

etc. From

Proton transfer reactions are common in molecules having inter or intra-molecular hydrogen
bonds where the proton moves back and forth between two electronegative atoms (F, O or N)
along the proton transfer coordinate. An impressive characteristics of this reaction is the non-
zero probability of the reaction to take place even in the presence of potential barrier via “proton
tunneling”. This could be understood by treating the proton as a quantum “wave packet” as it has
considerable de Broglie wavelength in cases of small transfer distances and hence the wave
nature of the particle becomes significant **!. Léwdin ! had discussed the implication of proton
tunneling in DNA which could alter the genetic code and give rise to mutations (Figure 1.5).
These mutations whether they are reversible or not, could be the cause of several medical
conditions that come about as a result of degraded or corrupted genetic material such as aging or
cancer (%),

Since hydrogen transfer reactions represent a range of processes, from a simple acid base
reaction to complex biochemical reactions, it has been difficult to achieve the level of
understanding to gain real control over the reaction [*!). Therefore, the primary goal should be
characterization of the reaction potential energy surfaces. In this perspective, the first step is to
select a simple model system where accurate experimental measurement and quantitative
theoretical analysis of the potential energy surface could be made. One simple case is
tautomerization reaction in “narcissistic” systems where the reactant and product are chemically
identical. The potential energy surface of such systems could be represented by symmetrical
double minimum potential.
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Figure 1.5 Hydrogen bonding in DNA base pairs. The inset shows the effect of proton
tunneling in  the hydrogen bonded base pairs responsible for  mutation.
[httpa://oscarbonilla.com/2011/04/radiation/] .

1.3.1 Proton transfer in “narcissistic” systems

Molecules which are characterized by symmetric double minimum potential energy surfaces are
interesting to study spectroscopically because of splitting of Eigen states of the molecule and
parity selection rules result in tunneling splitting which are readily observable in spectra °%*!],
The tunneling splitting can lead to doublet transitions in the absorption or fluorescence excitation
spectra as was observed in the case of malonaldehyde “** tropolone ™, o-
hydroxyphenalenone and derivatives **, porphycene *! and benzoic acid dimer “°. For a
symmetric double minimum potential well, the parity-allowed electronic transitions are + <> +
and - <> - as shown in figure 1.5. The transition originating from 0 - level can be treated as a

“hot” band.
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Figure 1.5 Schematic diagrams of symmetric double minimum potential energy curves in the Sy
and S| state along the proton transfer coordinate.

The problem of tunneling in symmetric double minimum potential was first considered by
Dennison and Uhlenbeck ! in connection with the doubling of lines in the vibrational spectrum
of ammonia, and most of its subsequent applications have been to spectroscopy. The quantitative
treatment of the problem of quantum tunneling in a symmetric double minimum potential is
reviewed in ref [38].

If one considers the potential wells in isolation, there will be a series of non degenerate energy
levels in each well as shown in figure 1.6 (Eigen states y; and y») As the barrier height is
lowered however, the wave functions which penetrate the barrier walls, will interact both
constructively and destructively to produce two new wave functions which can be described
mathematically by the linear combination, ¥, + ¢, .



Figure 1.6 Schematic diagram showing the origin of removal of +, - parity degeneracy of the
wavefunctions in a symmetric double minimum potential well .

To a first approximation, the two new wave functions could be written as 1, and y_ where:

-1
Ve =2 2[hy +Poleeenaae, (1)

_ 7Y
Yo =2 2[py =Pyl )
Appropriate one dimensional quantum mechanical treatment with the help of Wentzel Krammer
and Brillouins’ (WKB) approximation [*°?! show that the tunneling splitting (AE= E_-E. ) is
given by:

—2m X1 _ 1/

AE = Zhvexp[ i Jon (VOB f2ax) 3)

and the tunneling frequency v; is given by:

—V2m ;xq _ 1/
vy = oL Z—Vexp[ i o (V=B) f2dx] 4)
h h
where h, v, m, and E, represent the Planck’s constant, vibrational frequency, tunneling mass

and energy of vibration, respectively.



For a double-minimum potential, slight departure from symmetry produces a large decrease in
tunneling frequency, and at the same time renders the problem much more difficult to treat
theoretically. Crudely speaking, the decrease in tunneling frequency may be attributed to the fact
that the introduction of asymmetry destroys the exact state of the resonance between the two
wells. The stationary state wave functions can no longer be classified as symmetric or
antisymmetric, as in the case of symmetrical case, and they no longer predict equal probabilities
of finding the particle in the two wells. For example, if the right-hand well is slightly lower than
the left-hand one, the lowest stationary state i, corresponds to a particle which is largely
localized in the former, while for the next lowest state 14 this localization is transferred to the
left well. The non-stationary state in which the particle is definitely known to be in the left-hand
well will be approximately represented by:

Y1+ ey

where ¢ « 1, and the average time which elapses before the particle appears in the right-hand
well will be greater than that in the symmetrical case by a factor of the order of 1 / 2 A similar

difference arises if the shapes of the two wells are slightly different, even if their minima have
exactly the same energies.

A number of authors have treated in detail the problem of tunneling between asymmetric double
minima *°7). The problem is , however, a complex one and only some general conclusions have
been drawn. Harmony *! has given the approximate expression, valid when both the asymmetry
and the tunneling probability are small.

If v? and v, refer, respectively, to tunneling frequencies of the symmetrical and unsymmetrical
systems and AV is the energy difference between the two minima in the latter (Figure 1.7), then

_ 2hv}

v? T [(2hv?)+16(av)2) 2"

Vi

........... (5)

It can be easily observed from the equations above that the tunneling splitting is highly sensitive
to the mass of the tunneling particle suggesting that the study of isotopic effects could be
employed to confirm phenomena of tunneling. It is also highly dependent on the form of the
potential and theinter minimal distance of the double minimum positions. Equation (4) shows the
value of tunneling frequency can be obtained from measurement of the tunneling splitting .
Another important factor is the symmetry of the double minimum potential. Equation (5) shows
that the tunneling splitting is reduced by introduction of asymmetry between the two minima.
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Figure 1.7 Schematic diagrams of (a) symmetric and (b) asymmetric potential energy curves for
intramolecular proton transfer reactions ",

1.3.2 Porphycene: a model system for double proton transfer reaction

Porphycene is a blue pigment with strongly reddish fluorescence. Ever since its synthesis ** as
the first known constitutional isomer of porphyrin, it continues to be a fascinating molecule for
scientists both in fundamental and applied researches % °”. Scheme 1 shows comparison of the
structural formulae of porphycene and porphyrin.

ey ee
E'1 e

my

Scheme 1. Porphycene (a) and porphyrin (b). For porphycene, non-equivalent positions of
hydrogens are marked.

11



Even though porphycene retains the central feature of porphyrin, it differs in the cavity shape,
NH---N distance, and overall symmetry. The structural modification results in the change of
symmetry, from D, in porphyrin to C,, in porphycene. Consequently the strength of the
hydrogen bond is larger in porphycene than in porphyrin which makes the former more stable!
This, in turn, leads to a change in the intensity pattern of the electronic transitions and overall
photophysical properties. For example, porphycene shows much stronger absorption coefficient
in a physiologically relevant region (600-650 nm), which makes it a much better agent for
photodynamic therapy than porphyrin as light of longer wavelength penetrate deeper in tissues
(see Scheme II) ["*7l This behavior is due to a larger [AHOMO-ALUMO] difference in
porphycene than in porphyrin, where AHOMO and ALUMO stand for the energy splitting
between the HOMO and HOMO-1, and LUMO and LUMO+1, respectively [**.

P

nm 800700 600 500 400

1em

Scheme II . Wavelength dependence of the depth of penetration of light into a tumor "/,

Three tautomeric forms can be envisaged for porphycene, a trans species with protons on the
opposite nitrogen atoms and two cis structures with protons localized on the adjacent nitrogens
(Scheme III). Each of these tautomers has a chemically identical counterpart and can be
represented by a symmetric double minimum potential. Theoretical calculations of relative
energies for porphycene isomers in the gas phase predict the trans tautomer to be the most stable
while cis-2 structure is found to be the least stable **7". (Table 1.2). Similar conclusions have
been reached by Yoshikawa et.al ",

12



Scheme I1I. Tautomeric forms of porphycene

Table 1.2 Calculated relative energy for porphycene at stationary points in Kcal/mol . (%)

Structure SCC-DFTB B3LYP
trans 0.0 0.0

Cis-1 3.7 2.2

Cis-2 16.2 30.2

*The 6-31G(d,p) basis set was used for B3LYP calculations

From experimental point of view, no evidence was found for the presence of cis-forms of
porphycene in the gas phase; although both the trans and cis-1 forms of isolated 9,10,19,20-
tetraalkyl porphycene derivatives have been observed in supersonic-jet %, In contrast, recent
STM study of porphycene deposited on Cu (110) surface at 5K confirmed that the cis-1 structure
is the most stable one !/,
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In the most stable form of porphycene or porphyrin in the gas phase, the inner hydrogen atoms
are in the trans position, corresponding to the inner hydrogens located at the opposite nitrogen
atoms, as shown in Scheme I. Due to the symmetry of the system, these hydrogen atoms can
migrate from one frans configuration to the equivalent one. Tautomerism in porphyrin and
porphycene has been widely studied; both molecules act as model systems for the double
hydrogen transfer reaction 1** 7% 7 791 They strongly differ, however, in the rate and
mechanism of tautomerization. The interconversion between the trans tautomers of porphyrin is
strongly temperature-dependent and has been shown to proceed via a two-step mechanism,
involving the cis form with the hydrogen atoms located at the neighboring nitrogen atoms as an
intermediate. %7

In contrast, NMR studies of crystalline porphycene (Figure 1.8) have shown that the
interconversion between the two frans forms is still very fast on the NMR timescale even at 107

K. "7 This observation suggests the tunneling nature of the hydrogen exchange mechanism.

EhH[H—!: |F= rlE] _ bl
= 300040 Ww 356 +WL 366
2600 wva,)«ﬂ’/h\%-ﬂln 267 LY e 300
1050 —,vﬁ'“/\/\"w#ﬂ 255 ..-"WM,»NJ‘ i‘«r»:'.-r‘l.-*..11'-.I""~"~4"'1 213
500 W’}bf\‘-‘» 244 .,»Lh!.-"ﬁw.qwrjﬂ W.,i,shqr..l,g 164
Lu--;w—"' l\_w e i LHF#H'L"H‘MJ J\‘H*wa-‘{ "‘"'-:bﬁl'lu 107

~N— MH beda

10 161 _ _30 afo 161 o
_— —
(a) (b)

Figure 1.8 "’ N-CPMAS-NMR spectra of 95% "’ N-enriched Porphyrin (a) and Porphycene (b) at

9.12 MHz as a function of temperature.

[77]
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Low temperature experiments, performed in supersonic jet | or helium nanodroplets '
are especially informative in this respect. Sepiot er. al. ! carried out the first supersonic jet
study of porphycene which demonstrated that the 0-0 and all the vibronic bands observed in the
laser-induced fluorescence (LIF) excitation spectrum were split into doublets (Figure 1.9). The
doublets disappear upon exchange of one or both inner protons by deuterons. This observation,
as well as the disappearance of splitting upon complexation with water or alcohol, was
interpreted as evidence of coherent double hydrogen tunneling in a symmetric double minimum
potential. Based on temperature dependent LIF excitation apectra of porphycene, the authors
have also shown (Figure 1.9 c) that the “hot” O0Z transition is red-shifted indicating greater
tunneling splitting in the ground state than in the S; state.

High resolution optical spectroscopic study (LIF spectra) of porphycene doped in superfluid

helium nanodroplets Hol showed tunneling splittings of 4.4 and 0.58 em™ 1 for porphycene
and monodeuterated porphycene (Pc-d,), respectively, from LIF excitation spectral
measurement. Dispersed fluorescence spectral measurement via excitation of the origin band
revealed doublets for various vibrational modes, differing in the magnitude of the splitting and
intensity distribution. The observed differences reflect different tunneling probabilities for the
respective vibrational modes in the S, state. This picture was confirmed by theoretical studies
based on Car- Parinello molecular dynamics simulations. " Notice that the hydrogen/deuterium
exchange was done in the cavity NH hydrogens. The fact that the values of the ground-state
splitting are much larger than those in the S; excited state indicates a higher energy barrier and/or
a larger barrier width in the excited state than in the ground electronic state (Figure 1), a situation
contrasting with most of the cases observed so far, whether intramolecular, like tropolone, or
intermolecular, as in benzoic acid dimers. ** **! This hypothesis was confirmed by polarization
spectroscopy measurements in condensed phases, carried out both in emission and transient
absorption, which enabled determining the tautomerization rates in Sy and S; for porphycene and
several derivatives [¥% %% 192 10531 The reaction rates in S; are several times lower than in S,.
Moreover, the values of the rates vary by four orders of magnitude (10°-10" s™) for differently
substituted porphycenes. The isotope effects, measured at 293 K, are also substantial **°*!. These
findings indicate the importance of tunneling, even at room temperature, and that of the overall
symmetry on the process. In particular, in meso-alkylated porphycenes, the alkyl substitution
leads to a decrease of the NH---N distance in the cavity, one of the key parameters in proton
transfer dynamics. It has also been shown that the torsional modes of the substituents are coupled
to the motion of internal protons, implying the multidimensional nature of tunneling "> ** %21,
Dispersed fluorescence spectrum obtained by excitation into the electronic origin band of
porphycene revealed doublets for various vibrational modes, differing in the magnitude of the
splitting and intensity distribution. The observed differences reflect different tunneling
probabilities for the respective vibrational modes in the S state. This picture was confirmed by
theoretical studies, based on Car-Parinello molecular dynamics simulations. [’
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Figure 1.9 (a) Schematic cross section through the ground and excited state potential energy
surfaces, (b) LIF excitation spectrum of porphycene in supersonic-jet and (c) laser-nozzle
distance dependent LIF excitation spectrum of porphycene. The allowed transitions between

tunneling levels are indicated by arrows. Throughout the text, we refer to the O_ transition as

“hot band”.
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1.4 Objectives

The work presented in this thesis, along with previous studies, represents an effort towards a
full and accurate characterization of the vibrational structure and proton tunneling dynamics
of porphycene. The following objectives are intended to be addressed in this work.

1.4.1 Precise assignment of vibrations of porphycene both in the S, and S, states.

The first objective of the thesis is the precise assignment of vibrational modes both in S, and S,
electronic states, since it helps to understand the pattern of mode coupling and hence
dimensionality of hydrogen tunneling coordinate. This task is not trivial, not only due to the
large number of fundamental vibrational mode in porphycene (108), but also because of the
presence of tunneling splittings, different for various electronic and vibrational states. To
overcome these difficulties, emphasis has been given to the analysis of LIF and single vibronic
level dispersed fluorescence spectra of porphycene in supersonic jet. The fact that effective
collisions, and hence random thermalizations, are highly prohibited in supersonic jet is exploited
as an advantageto see fluorescence occurring from unrelaxed vibronic levels in the S1 state,
which can be used for precise assignments of vibrations, observation of mode-selective tunneling
splittings, and the study of mode coupling.

1.4.2  Effect of selective excitation of low frequency modes on tunneling splitting

The second objective is to see the effect of vibrational excitation of low frequency modes on
tunneling splitting. In this respect, I focused on the role of a low frequency mode of about 180
cm™ both in the LIF and DF spectrum of porphycene in assisting proton tunneling. This mode
was previously reported ! to be the most promoting mode showing the largest tunneling
splitting (12cm™) in the ground state of porphycene. However, its role could be explicitly
assessed if one knows the value of tunneling splitting in higher quantum number of this mode.
Fluorescence spectrum from a single vibronic level of a molecule is proved to be important in
many cases in detecting the high vibrational levels of the ground state. [ am intending to see the
fluorescence spectrum via selective excitation of the fundamental and second harmonic of this
mode. Of course, identification of the second harmonic of the mode is not trivial due to spectral
congestion in that region. The same measurement will be undertaken for monodeuterated , Pc-d;
(where one of the cavity NH hydrogen is substituted by deuterium) and doubly deuterated, Pc-d,
(where both cavity NH hydrogens are substituted by deuterium) isotopologues of porphycene to
see the isotopic effects. Following determination of the experimental values of tunneling
splitting along the mode described above, I will model the process using two dimensional
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potential energy surface, one along the tunneling coordinate and the other along the assisting
coordinate. This will help me to predict the potential barrier and the extent to which the low
frequency mode is facilitating the process. Further the value of the potential barrier will be
compared with previous theoretical and experimental attempts.

1.4.3 Effect of weak structural perturbation: proton tunneling in per-deuterated
porphycenes

Besides substitution of the inner hydrogen by deuteron (N-H/N-D), which has a dramatic effect
on the tunneling efficiency as mentioned above, weaker perturbation can be brought about by
hydrogen/deuterium substitution (C-H/ C-D) on the outer rim. The third objective will be
therefore to study the effect of this weak structural perturbation on proton tunneling. Such a
study will help us understand the importance of mode coupling between the motion of outer rim
hydrogens with the tunneling coordinate, and effect of symmetry breaking (in the case of
partially deuterated porphycenes) in influencing the proton tunneling path. In this case, laser
desorption method combined with supersonic-jet were successfully applied.

1.4.4 Single vibronic level life time measurement in porphycene and Pc-d;,

Comparison of single vibronic level lifetime of porphycene and its deuterated isotopologue will
reveal some dynamical information in the S; state. In this case, the dependence of the life times
of each isotopomers on vibrational energy and symmetry of vibration will be explored.

1.4.5 Searching for N-H stretching band in Porphycene

Although harmonic calculations predict strong transition of the N-H stretching mode,
experimental detection has been difficult in the past. In our case, two-color (IR/Visibe)
experiments are applied to detect the N-H stretching vibration in porphycene.

1.4.6 LIF and DF spectra of selected porphycene derivatives

The last but not the least objective is the study of heavier derivatives of porphycene: 2,7,12,17-
tetra-tert-butylporphycene (TTPC) and 2,7,12,17-tetraphenylporphycene (TPPO) in supersonic
jet using laser desorption technique. In this case both the electronic structure and the potential
energy surface will be strongly modified. And the consequence of these modifications on the
tunneling path and mechanism will be explored.
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Chapter Two

Experimental and Theoretical Methods

The experiments in this work include laser induced fluorescence (LIF) excitation, dispersed
fluorescence (DF) and hole burning spectral measurements using one or two color excitation
laser sources in a conventional heating or laser desorption based supersonic-jet setups. The
measurements were carried out in two separate laboratories, one set of measurement in the
Institute of Physical Chemistry Polish Academy of Sciences (IChF PAN), Warsaw and the other
set in the Institut des Sciences Moléculaires d’Orssay (ISMO), France.

The size of Porphycene system precludes the use of correlated methods. Ground state geometry
optimizations and frequency calculations were done within the frame of the density functional
theory (DFT) at the B3LYP/6-31+ G(d,p) level. Time dependent DFT (TD-DFT) method was
used for the excited state calculations with the same functional and basis set using the
GAUSSIAN 09 program package. Indeed, this method has been shown to properly describe the
nrr”* transition in related porphyrins.

2.1 Supersonic-jet Spectroscopy: Introduction

Spectroscopy allows study of the interaction of matter with electromagnetic radiation. It is
arguably the most powerful experimental tool available for understanding molecular structure
and dynamics.

Frequently the goal of spectroscopic study is the elucidation of intermolecular interactions that
occur in solids, and of course in these cases the solid state is the sample of choice. In other cases,
the goal of the experiment is to study those intramolecular properties that are only slightly
affected by the solid matrix surrounding the molecule of interest. In these cases the solid sample ,
although not ideal, is still adequate. However, there are cases where the desire is the study of
properties of the isolated molecule that are completely overwhelmed in the matrix by
intermolecular interactions, and in these cases, the study must be carried out in the gas phase at
lowest temperature consistent with adequate vapor pressure 'Y, However, the low volatility of
large molecules such as porphyrins requires high temperature in order to obtain sufficient vapour
pressure 1% This will result in a drastic thermal vibrational sequence congestion effects and
inhomogeneous broadening where the typical line widths of electronic- vibrational transitions of
large molecules are 100-1000 cm™. Therefore, the dual objectives of preparing an isolated gas
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sample and of producing low internal temperature have been traditionally desired by
spectroscopists.

The advent of supersonic-jet expansion comes to the rescue. The method allows the preparation
of internally cold, isolated, gas phase molecules and thereby retains the advantage of solid state
or matrix isolation spectroscopy without the disadvantage of overwhelming environmental
interaction. One meaningful example is found from comparison of LIF spectra of porphycene in
5] versus in argon matrix "°”), One could easily observe that the tunneling
splitting in the 0-0 and 180 cm™ (2A,) mode of Pc observed in supersonic jet (see Figure 1.9 b)
disappears in argon matrix (Figure 2.1) indicating interference of environmental effect with
intramolecular processes.
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Figure 2.1 Site-selective fluorescence and fluorescence excitation spectrum of porphycene in
argon matrix.

2.1.1 Principle of supersonic-jet expansion

In a supersonic free jet and molecular beams "°Y, molecules at moderately high pressures

(usually in the range 0.7 to 100 atm) are expanded either neat or in a carrier gas through a small
orifice (nozzle) or planar slit in to a region of relatively low pressure. The expansions cool the
translational degrees of freedom of the gaseous mixture which creates a cold translational bath.
This can significantly reduce the internal rotational and vibrational population distribution in
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molecular species of interest. As the expansion progresses, the molecular concentration and thus
collisional density decreases. Subsequently, the rotationally and vibrationally cooled molecules
enter a collision free region where they can be spectroscopically probed with minimum of
intermolecular interaction. The basic features of a free jet expansion are shown in Figure 2.2.
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Figure 2.2 Schematic visualization of a continuous free jet expansion from a nozzle.
As the area of the nozzle decreases towards the exit, the pressure difference (py — p1) will

Y/

. . . -1 .

accelerate the carrier gas. If % will be less than the critical value G = (YTH) Y™ where vy 1s the
1

.. C . . .
ratio of the heat capacities 2"/ c.. » the flow will escape from the nozzle with a sonic speed (M=
v

1, Mach number (M) for the local speed of sound is given by Y/ , v and a being the flow speed
of the jet and sound velocity, respectively). On the other hand, if the ratio of pressures is less
than the critical value (< 2.1 for all gases) a stream will exit from the nozzle with the speed lower
than the speed of sound. In the last case, such an expansion to the low pressure region proceeds
with relatively low number of collisions (mean free path, Ay < D, where D denotes the nozzle
diameter) and not accompanied by the change in population distribution in the internal degree of
freedom in the seeded molecules. Such an expansion with subsonic speed does not have the
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previously described advantages of the supersonic expansion, which is very useful for
spectroscopy [25.108]

A supersonic jet expansion is achieved if Z—j > G and A; << D and the pressure at the collision
zone is independent of P; and is equal to Lo

During the adiabatic expansion process, the molecules moving faster collide with the slower ones
thereby decelerating the former and accelerating the latter. This results in a narrow velocity
distribution. Such being the case, at low temperature the relative velocity between the molecules
is low unless they collide with the wall of the vacuum chamber. However, there always exist a
non-zero residual pressure in the vacuum chamber (P;) due to some residual gases present inside
the vacuum chamber and they are constantly shoved away by the expanding molecules. This
results in the formation of a barrier of closely packed molecules, called the Mach disk. 1t is the
edge of the cold zone, beyond which a large number of collisions occurs between atoms and
molecules, thereby hindering the cooling process.

As shown in Figure 2.2 , the supersonic-jet is composed of various zones:
2.1.2 The collision zone

The collision zone is located at the exit of the nozzle (1-2 mm). The cooling of molecules and the
formation of complexes occur in this zone. During a two-body collision, the carrier gas takes
away the internal energy from the molecules of interest in the form of kinetic energy. As a result
of undergoing collision, the molecules are said to be “cold”, with temperature in a range of a few
Kelvins thereby indicating that only the lowest vibrational level (v = 0) and a few rotational
levels of the electronic ground state are populated '), In a similar three-body collision, the
carrier gas makes the formation of a complex possible by carrying away the binding energy in

the form of kinetic energy.
2.1.3 The silent zone

It is the isentropic region between the nozzle and the Mach disc, which cannot be penetrated by
the residual gas atoms in the chamber. Here the isolated molecules move with the same velocity
and in the same direction. It is in this zone where useful spectroscopic studies take place. It is
also possible to skim the silent zone to take its most internal and hence coldest part.

2.1.4 The jet-boundary

It is the zone where the atoms of the carrier gas enter in to collisions with residual gas molecules
or atoms present inside the vacuum. This boundary layer protects the zone of silence.
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2.1.5 The Mach disk

It is the outer limit of the zone of silence located at a distance X,,, from the nozzle. The
distance from the nozzle to the Mach disk , X, , is expressed by:

Where Py and P; are the pressures of the gas in the nozzle and in the vacuum chamber,
respectively and D is the nozzle diameter.

The Mach disk and barrel shock diameters (see Figure 2.2) are approximately 0.5Xy + 25%
and 0.75X,, + 25% , respectively.

If one considers an ideal gas expansion, neglecting the effect of heat condution and viscosity,
then the first law of thermodynamics can be used to estimate the changes in molecular denisty
with distance, R from the nozzle. For Expansion with constant y:

1
-1 Ty—1
p=po(1+E2M2®) " 2.2)

With such an approach molecular density, p depends only on initial density, p, and Mach
number M(R), which itself depends on the distance from the nozzle. On sufficient distances
(R/d>10) the jet can be approximated as a spherical expansion from a point source and the Mach
number can be evaluated as:

M(R) = A (E)Y_1 Tl g (ﬁ)y_1 ................. (2.3)

D - 24(R/pr—1 D
Where for monoatomic gases y=1.67 and A= 3.3

For closer distances (R/D<3), the approximation does not work and the following approximation
should be applied:

1 3
M(R)=1+A Y +B(% , where for ideal gases A remains the same as the previous
D D

equation and B = -1.541. [''*]
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2.1.6 The valve

The use of continuous supersonic molecular beams has been limited by the cost and complexity
of the required vacuum systems. In addition, the maximum achievable density of a continuous
molecular beam has been kept relatively low since it is limited by the pumping capability of
vacuum systems. The use of a pulsed molecular beam source can overcome the above limitations
to a large extent and the physical dimensions of the source of the molecular beam can be
reduced. This reduction of system complexity makes the pulsed valve production quite attractive
M Pulsed nozzle supersonic jets have also been developed resulting in higher jet densities,
better ro-vibrational cooling and less condensation relative to the corresponding continuous
expansions. In addition, pulsed nozzle supersonic jets reduce stress on the pumping system
required to sustain the supersonic expansion and are especially useful when corrosive gases are
present in the expansion *),

The disadvantage of such nozzles is that they have movable mechanical components which must
be maintained and which place practical limitations on the valve pulsing frequency. Moreover,
the need of synchronization of the valve with the light source gives additional complication.

The pulsed nozzles for supersonic expansions are now well established and various designs are
also available to meet specific requirements. More elaborated discussions on the development
and design of pulsed valves could be found in ref (2511 "1 the present work, the modified pulsed
valve, General Valve Series 9, was used. The modification was done in our laboratory (IChF
PAN). Figure 2.3 shows the schematic design of the pulsed valve used in our experiment. The
valve is modified to heat samples to a temperature as high as 300°C.

Figure 2.3 Schematic drawing of the modified “General Valve Series 9" pulsed valve.
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Selenoid body was mounted on the massive metal flange to provide sufficient heat conductivity.
Standard piston was replaced by the long metal needle. At the end of the needle a piece of high
temperature resistant Kalrez "™ was mounted which provided precise and seal closing of the
orifice. The nozzle was operating with a repetition rate of 10 Hz with a pulse duration of 150-
700 ps. The pulse duration was optimized during the measurement to obtain the best
experimental conditions.

2.2 Optical detection

The optical system for signal detection in the supersonic-jet setup was constructed by dr. Jan
Jasny. The schematic design is illustrated in Figure 2.4

Figure 2.4 General scheme of the optical layout of the detection system. was constructed by dr.
Jan Jasny of the Institute of Physical Chemistry, Polish Academy of Sciences (IChF PAN).
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The detection system consists of a torroidal mirror, which serves as f/l optics and images the
fluorescence on to the photomultiplier or monochromator slit. The rotating mirror allows a quick
switching between the photomultiplier and the spectrograph/monochromator. The LIF excitation
spectrum was detected by a Hamamatsu R2949 photomultiplier using a BG 645 cutoff filter to
reduce scattered light signal. Dispersed fluorescence spectrum was measured using a 0.5 m
monochromator (Sciencetech 9040), fitted with 1800 groove/ mm diffraction grating, attached to
a CCD (Andor iDUS) camera. The system designed in this way allows to minimize the
background signal from the scattered light and to improve the signal to noise ratio.

2.3 Conventional heating/Laser desorption based gas sample sources

In a conventional supersonic-jet spectroscopic set up, the molecules under study are often seeded
in the carrier gas at a concentration of a few percent by evaporating the solid sample contained in
an oven prior to the expansion. However, this technique is not always convenient when working
with high molecular weight and/or fragile compounds. The reason for that might be two fold. On
one hand, the sublimation point of these molecules may be very high and the valve will become
unstable (limited to work up to 530 K in the case of General valve series 9) and hence proper
production of the jet will be interrupted. On the other hand, the probability that the sample might
be decomposed or modified due to side reactions increaseas, as it is exposed to high temperature
in a furnace for long time. In such cases, the technique of choice will be laser desorption where
a plume of ablated molecules are introduced directly in the collision zone by a “pick up” process.

2.3.1 Principle of laser ablation of molecules

The use of laser light allows to transfer fragile or high molecular weight (ranging from hundreds
to hundreds of thousands atomic mass units) compounds from the condensed phase in to the gas
phase with virtually no accompanying decomposition. The process is usually partitioned in to
two, laser desorption molecules and laser ejection of molecules from a matrix. The division lies
in the fact that laser desorption is rationalized using thermal models while laser ejection from a
matrix is primarily a non thermal process. These two divisions are shown schematically in Figure
2.5aandb.
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Figure 2.5 Schematic representation of (a) Thermal laser desorption of a substrate and (b) Non-

thermal laser ablation of a homogeneous substrate adsorbate mixture. """ 117/

Phenomenologically, laser-induced thermal desorption typically occurs from a neat film
adsorbed on a light absorbing substrate, and monolayer or lower quantities are often desorbed by
the heat generated at the surface. In laser ejection of molecules from a matrix, many monolayers
are ejected per pulse, perhaps via an explosion like process.

The essence of laser methods to transfer molecules in to the gas phase relies on rapid energy
deposition in to a condensed phase system ''*). The process of energy deposition is fast enough
to assure that desorption or ejection occur before decomposition. The lasers used to deposit this
energy vary widely in terms of pulse width (CW to fs), irradiance (50 kW to 100MW), and
wavelength (151 nm to 10.6 pum). The molecular desorption process results from the extremely
high heating rate present, 101°%2 K /s . Such heating rates lead to a number of possible
mechanisms for laser induced thermal desorptions that are described by kinetic, restricted energy
transfer and collisional cooling models.

2.3.2 Mechanism of laser induced thermal desorption

Three mechanisms are primarily responsible for the ability to transfer a molecule from
condensed phase into the gas phase using laser induced thermal desorption. The three

mechanisms results from the high heating rates inherent in the laser desorption process. Typical

1

heating rates range from 108 to 1013 Ks~! and depend on laser pulse energy density and

: - 114,123
absorption cross-sections 1%,

The first mechanism involves the kinetics of desorption and decomposition at extremely high
heating rates '**'*!. In this model, the process with the highest pre-exponential factor becomes
the major reaction channel at high enough heating rates to high enough temperatures regardless

of the respective activation energies.
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The second mechanism involves the efficiency of energy transfer during laser desorption /2%,

A theoretical model based on vibrational energy transfer suggests that the efficiency of energy
transfer is low during the desorption step for weakly coupled adsorbate surface systems.

The last mechanism, perhaps of less importance, is the effect of post-desorption collisions on the
internal energy distributions of the desorbing species [*"'**). Both experimental and theoretical
evidences suggest that post-desorption collisions serve to cool the internal energy and increase
the translational energy distributions as well as sharpen the spatial distribution of the desorption
products.

2.3.3 Kinetics of laser desorption

If the heating rate is high enough (108 to 10'* Ks™1) and the temperature excursion is large
enough, molecular desorption can be obtained on a time scale that is short compared to many
(124 Such heating rates allow energetically unfavorable reactions to be
accessed by entropic means. Thus, even though the activation energy for desorption may be
higher than that for decomposition, as long as the pre-exponential term in the rate expression is
larger, the desorption reaction can be favored. A number of researchers have employed this
model to rationalize molecular desorption of adsorbates which would otherwise decompose on

the surface 27139,

surface reactions

The physical principle behind the kinetic mechanism for molecular desorption in laser-induced
thermal desorption can be understood using the Polanyi-Winger model '*! for the desorption
rate. The rate expression for an adsorbate given a desorption and a reaction channel can be

written as:

a[O]des Eges

7% = [0]aas - Vaes- €xp [— I‘:—T] .................... (2.4)
A[B]reac Ereac

ohreac — (0] ac - Vreac. xp |~ 22| 2.5)

Where equation 2.4 describes the rate for desorption given the energy barrier for desorption E,,
the frequency factor v4,; and the adsorbate coverage [6],45 , the gas constant R and temperature
T. Equation 2.5 describes the rate for the formation of surface reaction (decomposition) product
in terms of the energy barrier for the reaction, E,.,. , and the frequency factor, v,qqc.

For a given surface desorption process, the barrier for desorption can exceed the barrier for
decomposition. However, the pre-exponential frequency factor for desorption often exceeds that
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for decomposition because of steric and/ or entropic reasons. To determine the branching ratios
and the total number of product channel molecules, the rate equation must be integrated as a
function of the heating rate by using the appropriate kinetic parameters. Hall "*¥ gives the
function necessary for this integration as:

Nreact = ftO:O f:io[@(t)]-v- exp [

-E,4
RT(T‘ ) )

Where t is the time after the laser fires and r is the radial distance from the centre of the laser
spot.

From the integration which uses the kinetic constraints described previously, one observes that at
sufficiently high heating rates, the desorption rate can exceed the decomposition rate by many
orders of magnitude.

2.3.4 Energy transfer during laser-induced desorption process

As seen in the previous section, the temperature of the surface can approach thousands of
degrees K, but fragile molecules can still be desorbed intact. Another model based on relatively
long vibrational relaxation time has been put forth by several investigators to account for
molecular desorption. In a simulation of laser desorption of isolated NO from LiF ! Lucchese
and Tully "** found that all degrees of freedom of the gas phase NO were considerably less
populated than expected from the surface temperature. This non equilibrium distribution was
attributed to the rapid, 10> Ks™!, temperature jump to 2000 K. The results of this study
suggested that the vibrational temperature was coolest (209 K), followed by the rotational
temperature (302 K). The normal translational temperature was the warmest (638 K) but was still
a factor of three from the mean surface temperature upon desorption (1900 K). Three models
were proposed to account for the observed energy deficit: (i) energy was employed to surmount
the attractive well of the NO bond to the surface, (ii) the molecules were desorbed before the
maximum surface temperature was attained, and (ii1) there is incomplete equilibration of the
thermal energy due to differing relaxation times.

To illustrate mechanism (iii), the investigators point out that to transfer one quanta of vibrational
energy at 1904 cm™ to the highest energy phonon band of the substrate at 600 cm™ would require
10 ns %%, while the transfer of one quantum of rotational energy would require < Ins, and the
transfer of translational energy should proceed at gas kinetic rates. Thus, because vibrational
energy transfer requires the most time, it is the least populated in the pulsed laser desorption
experiment. Further evidence for this model was obtained by varying the vibrational frequency
of the NO in the simulation. Lowering the frequency from 1904 to 1000 cm™ produced an
increase in the vibrational temperature of the desorbed NO from 37 K to 209 K.

31



In an attempt to quantify this model, Zare and Levine !"** developed an expression based on the

adiabaticity parameter £, commonly referred to as the bottle neck model. In essence, the critical
parameter for energy transfer from one vibrational mode, such as the surface adsorbate bond
having frequency v, to another vibrational mode, such as an internal vibration in the adsorbate
having frequency v’, is the mismatch of the vibrational frequencies and the time allowed for
energy transfer, 1. The adiabaticity parameter is derived from gas-phase energy transfer concepts
(351 For the case of energy transfer through the surface adsorbate bond, the adiabaticity
parameter is defined as:

To determine the amount of energy transferred through the surface adsorbate bond, a kinetic
energy for energy transfer is written as

OF _ dBy®) _
at dt

Where E(t) is the initial energy found in the surface adsorbate bond, kE(t) is the quantity of
energy flowing in to the adsorbate’s internal vibrational mode and Z—f is the quantity of energy

remaining in the surface adsorbate bond.

The rate constant for energy flow in to the adsorbate’s vibrational mode is:

Kk=vexp(—=&) cooviiiiii (2.9

When integrated, equation 2.8 provides the amount of energy lost at time 1:
E(@) =Dg(1—KT) o (2.10)
Where the E|, has been set to the bond dissociation energy, D,.

If k7 is small (kT < 1), no energy transfer in to the internal mode of the adsorbate. Thus, one
finds that the criteria for desorption of internally cold molecules is :

VT < eXP(E) triiiiiiii (2.11)

The theory predicts that if the product of the surface adsorbate bond frequency and the
interaction time is less than the quantity exp (§), then little energy will flow from the surface
adsorbate bond in to the internal modes of the adsorbate. A key issue for this model is the
residence time of an adsorbate on the surface during the laser induced thermal desorption
experiment. If the measured residence time is less than the time scale for vibrational energy
transfer, molecules can desorb intact after laser-induced thermal desorption %,
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2.4 The working laser desorption setup

In our experiment, the samples were introduced into the gas phase using a home-made
desorption device. The sample was prepared by brushing a few mg of porphycene on a 4 cm long
and 0.5mm wide carbon bar. With this technique, we were able to work with small sample
quantities, about 0.25 mg/hr of desorbed matter. A frequency-doubled Nd:YAG laser (532 nm)
(Continuum Minilite) was used as the desorption source. The beam was propagated by an optical
fiber to the surface of the carbon bar with 1.5 to 2 mJ energy per pulse. The sample holder was
fixed on a linear translation system, with a translation speed of 1 cm/hour, attached to a pulsed
valve (General Valve- Parker) with a nozzle diameter of 300 pm.

Optical fiber

sample

(a) (b)

Figure 2.6 (a) Schematic representation of the laser-desorption set up and (b) a digital
phototgraph of the setup used in the experiment.

2.4.1 Optimization of the ablation system

The ablation system used before my arrival in Orsay laboratory was composed of a mount
holding the sample at about 0.5 mm from the nozzle. A green light from Nd:YAG laser was
captured by an optical microscope objective and focused to an optical fiber which was fixed at
about 0.5 mm from the nozzle, opposite the sample. The optical fiber has four layers as shown in
Figure 2.7. The glass core of about 10 cm was pealed and fixed above the nozzle. But it was
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extremely difficult to stripe the inner thinnest membrane away and when it was possible the
exposed glass fiber is so fragile (brittle) that it was not easy to put in and take out the flange in to
the vacuum chamber. Thus instead we keep the thin layer and fix it to the nozzle (of course we
exposed the glass core only at the tip where it faces the sample and this was quite easy). In doing
so, we maintain the flexibility of the optical fiber..

Glass cot€
Thin white plastic cover
2 White plastic cover
— Black plastic cover

Figure 2.7 Scheme of the side view of the optical fiber.

Since the sample is exposed to strong laser pulse for a long period of time, a hole would be dug
in to the pellet which might lead to inefficient gas sample production. This is why the mount was
fixed on a motor allowing fast back and forth translation (speed of 1-3 cm/s). In the previously-
used ablation system the sample was prepared as a pellet (30% sample and 70% carbon) pressed
by a KBr pellet press at about 3 tons. This sample can be used for several weeks; it only requires
to be flattened with sand paper every day to offer a fresh surface to the ablation laser. However,
it takes plenty of samples to be made (about 400 mg) which is not convenient for our situation
where we have < 10 mg of each porphycene derivatives.

The new ablation system uses remote controlled motor at much lower speed, of the order of
Icm/h, and a mount on which a rectangular rod of carbon is mounted (Figure 2.6). The sample is
then introduced by forming a thin layer of the substance on the carbon rod. In this arrangement,
one could easily control the extent to which a single spot on the pellet is exposed to the laser
pulse by adjusting the speed of the motor. It was thus possible to avoid formation of deep hole on
the carbon rod. Moreover, it was possible to expose fresh sample to be desorbed as the sample is
constantly shifting perpendicular to a fixed desorption laser during the whole spectral
measurement.
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Because the ablation system was new, it was necessary to optimize the experimental conditions
to get the best fluorescence emission signal. We have used naproxene "'*** and hydroquinine
[144b]

as test samples since their spectra in this supersonic jet setup is well characterized.

2.4.2 Sample preparation

The sample was first prepared by forming a thin layer on the carbon rod after wetting the top of
the rod with ethanol. In such procedure (along with optimization of other parameters explained
later) we had a reasonable signal, though its stability was not lasting long enough. This
procedure might not be “so convenient” because if we are dealing with samples that could
potentially form stable complexes with ethanol, we might misinterpret the signal from the
complex to be that of a bare molecule '*). After having the signal for naproxene (our favorite
standard), the LIF spectrum of naproxene was measured in the 0-0 region as a function of speed

of the motor. The results are presented in figure 2.8.
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Figure 2.8 LIF spectrum of naproxene near 0-0 region as a function of the speed of ablation
motor. Valve delay= 434 us, minilite 824.39 u sec, Sirah 844.67 us. The inset shows the value of
intensity maxima at different translational speeds of the pellet pasted with the test molecule.

As shown in the figure the best signal is obtained at 4 cm hr'. It is reasonable that higher motor
speed the ablation laser encounters fresher sample (as long as the sample forms a uniform layer
on the carbon rod). But high speed of the motor is also a disadvantage in that we cannot use the
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sample for long time as the length of the rod is only about 4 cm. Therefore,a speed of Icm/hr
was preferentially used in the experiment.

We have also tried to prepare a layer of sample on the carbon rod without wetting the pellet.
Instead we crushed the sample with a mortar to produce fine powder and the rod is gently
brushed against the fine powder. This procedure produces a layer with much better uniformity
and the fluorescence signal was much better both in terms of intensity and stability even at lcm
hr'' speed of the motor. With this procedure the sample could last up to 5 hrs.

In all measurements we have used Ne as a carries gas (5atm stagnation pressure). The diameter
of the nozzle was 300 um and the valve opening time range from 260-280 p sec.

2.5 Spectroscopic detection of samples

In our experiments, four different kinds of measurements, laser induced fluorescence excitation
(LIF) spectrum, single vibronic level dispersed fluorescence (SVLF) spectrum, hole burning
(active base line subtraction method), and single vibronic level life time measurements have
been carried out. In this section I will explain the principles behind each measurement.

2.5.1. Laser Induced Fluorescence excitation (LIF) spectrum

LIF excitation spectrum is obtained by monitoring changes of total fluorescence intensity as a
function of excitation wavelength. Therefore, it is basically the measurement of the electronic
absorption spectrum of a molecule in the jet. But one should notice that the fluorescence
excitation spectrum could not be identical with the absorption spectrum if the fluorescence
quantum yields are not identical for different vibronic transitions. This measurement is important
to probe the vibronic states of the molecule in the excited state. Figure 2.9a shows the schematic
representation of the principle of LIF excitation spectrum.

hVﬂuor h h
Vexc Vﬂuor

h\/ vv

€xc

a b

Figure 2.9 Schematic representations of (a) Fluorescence excitation spectroscopy and (b)
dispersed fluorescence spectroscopy
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2.5.2. Single Vibronic Level dispersed Fluorescence (SVLF) spectrum

In dispersed fluorescence, the fluorescence originating from a particular excited state of a
molecule is dispersed by a monochromator and the distribution of energy as a function of
wavelength (wavenumber) is detected by a CCD camera. As shown in fig 2.9b. a molecule
excited in a specific vibronic level undergoes transition to different vibrational levels in the
ground state. Hence this measurement provides information about the ground state vibrational
structure of a molecule. Dispersed fluorescence spectrum from a single vibronic level also
provides information complementary to the excitation spectrum. It maps the overlap of the
nuclear wave functions of the excited and ground electronic states and hence such measurements
are essential for precise assignment of vibrational levels both in the ground and excited states.

2.5.3. Spectral “hole burning” (active baseline subtraction)

Spectral “hole burning” (also called two color laser depletion) is a pump probe technique where
a pump laser is fixed at a wavelength resonant with an electronic transition of a selected species
while scanning with the probe laser. The measurement is done with the pump laser on and off
using a shutter at each step of the scan, which results in two LIF excitation spectra (a so-called
active baseline procedure). Because the fluorescence intensity is proportional to the number of
ground state species, it decreases for the selected species after pumping. Since the time for total
recovery of the initial ground state population is usually long (>1 ps), lowering of the intensity of
vibronic bands belonging to the selected species is observed, while the intensity of the bands
belonging to the other species are unaffected by the pumping process.

2.6 Coherent Light Sources

Optical parametric oscillator (OPO) and Tunable dye Lasers had been used as monochromatic
excitation light sources during the experiments.

2.6.1 Optical Parametric Oscillator (OPO)

The operation principle of OPO is based on the parametric interaction of the strong pumping
wave o, with molecules in a media (crystal in this case), which has a large non-linear
susceptibility. This phenomena can be illustrated as an inelastic scattering of the pump photon
®p by a molecule where pumping photon is absorbed and two new photons @, (signal frequency)
and m; (idler frequency) are generated. Two main conditions have to be fulfilled to start
parametric oscillation:
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1) The phase matching condition k,, = kg + k;, which may be regarded as the
conservation of momentum for the three photons elaborated in the parametric
process.

i) Conservation of energy at all points of the active media w, = ws + w;

The phase matching condition selects infinite number of waves wg + w; and only single pair
wg, ks and w;, k; is determined by the orientation of the non-linear crystal with respect to k,,. If
nonlinear crystal is placed inside an optical resonator, oscillations on signal and idler waves can
start when the gain exceeds the total losses.

In this work, a narrow band (< 0.1 cm-') optical parametric oscillator (OPO, Sunlite Ex,
Continuum) pumped by a seeded Nd:YAG laser (Powerlite 8000, repetition rate 10Hz) was used
as an excitation source for LIF and DF spectral measurements. This set up covers a spectral
range of 440-1800 nm.

An Optical parametric oscillator/ amplifier (OPO/OPA) (Laser Vision) has been used as a
tunable IR source as a pump laser during IR/Vis double resonance experiment. This system,
shown in Figure 2.10 , is an integrated, multistage nonlinear device designed to convert the fixed
frequency output of an unseeded Nd:YAG laser in to tunable radiation in the mid infrared. The
system produces an output that is tunable from 710 to 885nm and from 1.35 to 5 um using a set
of nonlinear crystals from the combination of a 532 nm pumped OPO and a 1064 nm pumped
OPA.

Figure 2.10 Layout of Laser vision Parametric Oscillator and Amplifier used in this work (taken
from reference 110).
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2.6.2 Tunable dye Laser

A tunable dye laser (Sirah equipped with Rh6G) pumped by the second harmonic of a Nd:YAG
laser (Quanta Ray, Spectra Physics) was used as an excitation source for the experiments in
Orsay. On the other hand, a homemade dye-laser (Rhodamine B in methanol) pumped by the
second harmonic of a Nd:YAG laser (Surelite I-10, continuum) was used as a pumping source
for two-color experiments in Warsaw . The typical resolution of both dye lasers was < 0.2 cm™.

2.7 Samples and reagents

The synthesis and purification of porphycene has been described in reference **. Pure sample
of porphycene was kindly provided by Dr.Sylwester Gawinkowski (PhD).

For isotopic studies, the deuteration of the inner NH hydrogen atoms could be achieved during
interaction of the Pc with heavy water (or MeOD) seeded in carrier gas (He or Ne).

Deuteration of rim hydrogen atoms: Perdeuteration of the outer rim hydrogen atoms was
achieved by the procedure described in ref 99. Briefly, Pc was heated to 150°C in 70% D,SOj in
D,0 for 24 hours and chloroform was added to the cold solution before being neutralized with
diluted NaOD/D,O. Finally, the organic layer was concentrated. The mass spectrum of the
deuterated product proved that it contained 31% of Pc-d;», 24% of Pc-d;;, 17% of Pc-d;o, and
11% of Pc-do, while the other isotopomers contributed in negligible amounts (Figure 2.11). The
dominant contribution of Pc-d;; over other isotopomers was encouraging for us to study this
heterogeneous sample, called hereafter Pc-dpix.

Following the synthesis of Pc-dy,ix, we measured LIF excitation spectra in a supersonic jet where
the sample was heated in a furnace at about 230°C to produce gas samples (Figure 2.12).

Successive LIF excitation spectra measured under the same experimental condition were found
to be irreproducible. This problem was associated with the exposure of the sample to high
temperature for a long period of time during which the deuterium atoms on the ring are back
hydrogenated by traces of water impurities in the carrier gas. This back reaction results in the
formation of several partially deuterated species at the expense of the fully deuterated sample
with relatively close absorption lines. As a result, a systematic decrease of the narrow band at
617.4 nm assigned to Pc-d;; was observed. To avoid this effect, new measurements based on
laser desorption technique have been undertaken, using a homemade desorption device in Orsay.
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Figure 2.11 Mass spectrum of perdeuterated porphycene sample (Pc-dy;y).

—— LIF1, t=0 minute
1.6 1 — LIF2, t=20 minute
—— LIF4, t=70 minute

1.4

1.2 1
1.0

0.8

0.6 1

0.4 4

Fluorescence intensity (a.u)

0.2

0.0

617.0 617.5 618.0 618.5 619.0
Wavelength (nm)

Figure 2.12 Successive LIF scans of Pc-d; in a supersonic-jet using conventional heating
technique.
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It has also been shown that at least partial deuteration of the cavity NH hydrogens could be
achieved during interaction of the desorbed Pc with heavy water (or MeOD) seeded in carrier gas

(Ne).
2.8 Vapor-phase absorption spectra

The vapor phase electronic absorption spectra of porphycene and derivatives were measured on
Shimadzu UV 3100 spectrophotometer equipped with a variable temperature chamber
(constructed by Mgr. Ing. A. Krupka), allowing temperature control starting from room
temperature up to 400 oC.

An important experience that [ have learned during the study is that the measurement of vapor-
phase absorption spectra of molecules of interest could be taken as a prerequisite before directly
going to measurement in the jet when working with conventional supersonic-jet set up where
sublimation of solid samples is used to produce gas samples. This procedure is especially
important when there is no previous data of the molecule of interest in the jet measurement. On
one hand, the vapor phase spectrum helps to estimate the position of the 0-0 transition and hence
guides us where to look for this signal in the jet. On the other hand, temperature dependent
vapor-phase spectra gives insight of the optimal working temperature and the decomposition
temperature of the molecule of interest. Figure 2.13 shows the temperature dependent vapor-
phase spectra of porphycene.
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Figure 2.13 (a) Temperature dependent vapor-phase spectra of porphycene in the Q band
region and (b) the plot of absorption maxima at 633 nm versus temperature.
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It can be easily seen from the spectra that a reasonable vapor absorption is found starting from
200°C while above 245°C, there is a significant decomposition of the sample. The shaded region
in Figure 2.13 b shows the most convenient range of temperatures for sublimation of porphycene
in a conventional heating supersonic-jet set up.

Another important advantage of vapor-phase absorption measurement is presented in Figure 2.14
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Figure 2.14 (a) Temperature dependent vapor-phase spectra of TTPO and (b) the plot of
absorption maxima at 654 nm versus temperature.

Based on the experience on porphycene, it could be seen that the molecule should be heated to a
temperature of 300°C to see a measurable signal in the jet. However, this temperature is almost
the limiting temperature of the pulsed valve above which the proper production of supersonic-jet
expansion will be compromised. Therefore, it is highly unlikely to get a signal from this
compound in our conventional supersonic-jet setup. In this case, laser desorption technique will
be the method of choice to produce gas samples in a supersonic jet.
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The above measurements show that the classical vapor phase measurement is extremely
important to decide on the mechanism of gas sample production and in terms of saving time,
energy and resources especially when the samples are expensive.

2.9 Theoretical Methods

Geometry optimizations and frequency calculations were done at the density functional theory
(DFT) level, using both double zeta (B3LYP/6-31G (d, p)) and triple zeta (B3LYP/6-311++G(d,
p)) basis sets. Time-dependent DFT (TD-DFT) model was applied for the excited state
calculations with the same functional and basis sets using Gaussian 09 program package ['*°!.
The calculations have been done by Prof. Jacek Waluk and Michal Kijak (MSc).
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Two dimensional symmetric mode coupling (SMC) model (%71 has been applied by Dr. Tomasz

Rolinski to calculate the potential barrier for double proton tunneling in porphycene.

Hamiltonian for symmetric mode coupling (SMC) model:

B2 R 92 mua? 1
2m, 0%%  2m, 072 | 8%2 (% = %0)? (X + %0)* +5my @y (&(%* = %) + 7))

A=-
2

Where my, m,, , &, , @, , 2%y, and @ are mass in the x direction, mass in y direction,
frequencies in x and y directions, distance between minima and coupling strength, respectively.

The following formulae:

X J |m @ h m E(and H
x=~—;y=~l —y;w=Ty:g=ﬁ;a’=d?Zo—y;E(andH)=%
X0 Yo | Mx Wy my WyXo my m, WX,

scale the above Hamiltonian to a dimensionless form:

2 /32 2
g ( +6_>+ % (x—1)2(9c+1)2+%w2(a(x2—1)+y)2

HSMC=T+VSCM=_2 oz  5y?

In the SMC method it is assumed that the approximate potential is quartic along the high
frequency mode (tunneling coordinate) and quadratic along the low frequency mode. The
dimensionless form of this potential has two independent parameters: ® and a, where ® can be
related to the ratio of the frequencies and o — to the coupling strength between the modes. The
third parameter, g, can be related to the average kinetic energy of the mode where it plays the
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role of . This model has two minima at (x,y) = (+1,0) and one saddle point at (0, a); the y
coordinates of the two minima are the same and are shifted from the coordinate of the saddle
point. The barrier height, i.e, the potential difference between the saddle point and potential
minima, is normalized to be 1/8 = 0.125. The frequency in the y direction is always

(52 Vsmc
ay?
potential contour is depicted in Figure 2.15.

) /2 = wy , while that in the x direction at the minima is normalized to unity. The

Figure 2.15 Contours of the symmetric mode coupling (SMC) potential for the parameters
(wy, @) = (0.5,1). The interval between the contours is (.02 and the contours with the energy
higher than 0.28 are omitted !'*".

This model has been used as a typical example of multidimentional tunneling in many fields

[148.199] " especially in the case of proton transfer in malonaldehydes !'**) and tropolones !>,
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Chapter Three

Vibrations of porphycene in the Sy and S, electronic states: Single
vibronic level dispersed fluorescence study

As stated in chapter one, porphycene provides a unique model system for studying multi-
dimensional double proton tunneling in a symmetric double minimum potential. The multi-
dimensional nature of the phenomena tells us that the tunneling coordinate is influenced by
different vibrational modes in different ways. Therefore, proper understanding of the process
should start with proper understanding of the nature of the vibrational levels of the molecule both
in the ground and in the excited states.

The precise assignment of vibrations both in Sy and S; electronic states should in turn help to
understand the pattern of mode coupling (and hence dimensionality of proton tunneling
coordinate). This task is not trivial, not only due to the large number of fundamental vibrations in
porphycene (108), but also because of the presence of tunneling splittings, different for various
vibrations and electronic states. To overcome these difficulties, emphasis was given on the
analysis of LIF and single vibronic level dispersed fluorescence spectra of porphycene in
supersonic jet. We exploit the fact that effective collisions, and hence random thermalizations,
are highly prohibited in supersonic jet, and therefore the technique allows to see fluorescence
occurring from unrelaxed vibronic levels in the S; state, which can be used for precise
assignments of vibrations, observation of mode-selective tunneling splittings, and the study of
mode coupling.

3.1 LIF excitation and “hole burning” spectra

Although the LIF excitation spectra of porphycene seeded in supersonic jet have already been
reported, [*** "> 1! our measurements were repeated in an extended range up to 1400 cm™ above
the 0-0 transition (Figure 3.1). To achieve higher sensitivity, the LIF spectra were obtained in the
saturation regime. Instead of typical laser pulses of 10-100 uJ energy, pulses of ca. 1 mJ were
applied. This enabled observation of many more transitions than detected before. For example, in
addition to previously observed two transitions in the range below 200 cm™ from the origin, four
more transitions are identified, each composed of a doublet (Table 3.1).
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Figure 3.1. LIF excitation spectrum of porphycene in the range up to 1400 cm™ excess energy
above the origin of the Sy-S; electronic transitions.

The LIF excitation spectrum of porphycene shows well-resolved vibronic bands up to about 800
cm™'. The spectrum becomes broader for excitation above 800 cm™, indicating an onset of fast
excited state dynamics.

For the assignment of S; vibrations, it is helpful to note that the LIF spectrum consists of
doublets, equally spaced for each vibrational mode by about 4.4 cm™. This behavior is a
consequence of the fact that the tunneling splitting is practically negligible in S; (< 0.2 cm™).
Therefore, the constant spacing between the components of each doublet reflects the value of the
ground state splitting in the vibrationally unexcited level. Moreover, the selection rules dictate
that only the transitions between the states of equal parity of nuclear functions are allowed. Since

the “plus” combination of wave functions lies below the “minus” one, the O~ electronic

transition of “hot” nature is located ca. 4.4 cm™ below O .
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Table 3.1. Ground (S,) and excited state (S;) vibrational frequencies of porphycene obtained form LIF

and SVL fluorescence spectra.

vS)® | V(s | V(S VS | AV(SiS) | Av(S:-So)
exp calc exp calc exp calc Assignment

107, 112 107 112,116 117 -10 -10 1B,
117,121

136, 141 129 135,140 130 -4 -1 2B,
140, 145

139sh,144 | 146 - 147 -4° -1 1A,
145

150, 155 152 148,152 | 154 -2 -2 2A+3A,
152, 156

169, 174 174 162,166 | 168 3 6 2x3A,
166, 170

179, 184 179 169,181 | 185 1° -6 2A,
174,186

215, 220 214 235 234 -20 -20 2x1B,
239

238, 242 237 260 260 -22 -23 1B +2x2A,

242, 246 236 260, 264 | 247 -22 -11 1B,+2B,
263

269, 274 258 - 260 - -2 2x2 By
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276,280 |275 |- 277 - -2 1A,+28,
287,291 | 286 |- 302 - -16 2A+1B,
293,297 |298 |- 301 - 3 1A+2A,+3A,
305,309 [315 | 319 322 -14 -7 2B,+3B,
324
315,320 [308 |[310,319 |315 6 -7 2A.+2B,
310,318
318,323 [325 |- 332 -12 -7 1A+2A,
324,336
335,339 340 [ 335,340 |342 -5 2 3A,
337,341
337,342 [344 |- 369 -24 -25 1A,+5A,
361
349,354 | 346 |- 364 -23 -18 2x1B4+2B,
371
351,356 | 360 |- 381 - 21 1A,+2x1B,
358,362 | 358 | 358 370 2¢ -12 2x2A,
345, 364
360,364 | 367 | 357,362 | 365 -2 2 4A,
361,364
369,373 | 365 |- 377 - -12 1B,+2 x2B,
371,375 | 366 |- 387 21 21 1Bg+2B+2x2A,
392
382,387 [382 |- 394 - -12 1A;+1B,+2B,
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388 |- 402 - -14 2x1B,+2x3A,
394,398 [394 | 408,413 |419 -19 -25 2A,+2x1B,
411,418
395,400 | 355 | 399 390 -4 -35 5B,
398
417,422 | 416 |- 442 - -26 2A+1B,+2x2A,
420,425 | 415 |- 432 - -17 2A+1B¢+2B,
410 |- 424 - -4 2x2B,+2A,+3A,
471,475 | 469 | 469,474 | 472 -4 3 3A.+2B,
476,481 | 483 | 472,476 | 482 -5 1 5A,
481
484,489 | 472 |- 494 - -22 2x(1B, +2B,)
491,494 | 489 |- 511 - -22 1A;+2x1B,+2B,
496,500 | 496 | - 495 - 1 4A+2B,
504,509 | 494 |- 507 - -13 1B,+3 x2B,
514,518 |519 | 509,522 | 527 4° -8 2A.+3A,
514,526
516,521 | 523 |- 554 -30° 31 2A+1A+5A,
540,555
528,532 |522 |- 549 -26° -27 2A+2x1B+2B,
548, 563
536,541 | 537 |- 555 -5 -18 3x2A,
542
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539sh, 544 | 546 | - 550 -7¢ -4 2A+4A,

536, 545
547,552 | 544 |- 562 - -18 2A.+1B, +2x2B,
549,554 | 554 |- 576 - -22 3A.+2x1B,
594,598 | 595 |- 627 - -32 2% 2A,+1Bg +2x2A,
596,601 | 599 |- 601 - -2 6A,
643,647 | 650 | - 664 -18 -14 7A,

661
651,656 | 650 | - 664 - -14 2A.+3A.+2B,
660,664 | 651 |- 679 - -28 2A.+2x(1B, +2B,)
670,674 | 668 |- 696 - -28 1A,. 2A, +2x1B,+2B,
672,677 | 680 | 678 684 -6 -4 2x3A,
692,697 | 698 |- 712 - -14 2x2A+3A,
695,699 | 707 |- 707 - 0 3A+HAA,
709,714 | 701 |- 734 - -32 2x2A,+2x1B,+2B,
812,816 |823 |- 824 - -1 3A.+5A,
822,826 |829 |- 849 -29 -20 2A+7A,

851
830,835 [836 |- 837 - -1 3A+4A,+2B,
839,844 [830 |- 864 - -34 2x (2Ag+1B,+2B,)

* tunneling doublets observed in LIF, energy relative to the location of the O_ transition; ® B3LYP/6-

31G++(d, p), scaling factor 0.9960; ‘observed shifts with respect to the excitation into the lower (first
row) and higher energy (second row) doublet component; ¢ B3LYP/6-31G++(d, p), scaling factor 0.9902;
¢S, frequency value approximated taking into account different tunneling splittings in the vibrationless
and vibrationally excited levels.
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This pattern is repeated for the observed vibronic transitions. A vibrational mode frequency in S;
therefore corresponds to the difference between the value observed for the lower energy

component of each doublet and the value of O~ transition, the origin of the LIF spectrum.

The constant intensity pattern for the tunneling doublets is observed throughout the LIF spectra,
the lower energy component always being weaker. Assuming the 4.4 cm™ separation of the
levels leads to an estimation of effective temperature of about 10 K.

Additional help in the vibrational assignments comes from hole-burning experiments, which
allow differentiating between the transitions originating in the plus and minus ground state
levels. An example is presented in Figure 3.2.

Figure 3.2 Active baseline subtraction spectrum (top, blue) of porphycene obtained while
pumping the O band of the LIF excitation spectrum. The scanning probe laser was delayed by

200 ns with respect to the fixed pump laser. Bottom, the spectra obtained with and without
pumping (black and red, respectively).
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The bands which respond to hole burning while pumping at the 07 band correspond to the

transitions which originate from the “plus” level, the lowest energy level of Sy whereas those
which originate from the “minus” level, do not respond.

Hole burning spectroscopy has been also applied in order to detect the IR active asymmetric NH
stretching frequency using IR/Vis pump/probe pulses in the laser desorption set-up. Proper
alignment of the two lasers was checked using tetratertbutylporphycene (TTPC) as a standard.
Figure 3.2 a show the results of hole burning spectra of TTPC in the CH stretching region. The
conditions of the experiment are explained in the caption.
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Figure 3.2a Two scans of hole burning spectrum (with active base line subtraction) were
recorded in such a way that the visible laser (probe) is fixed at 0-0 position of TTPC while the IR
(pump) is scanned. The time delay between the visible and IR lasers is about 100 ns.

As shown in the figure, a reproducible “hole” is observed at about 2940 cm™ which certainly
marked the position of IR band belonging to C-H stretch frequency of the tert-butyl substituents.
The result proved the alignment of the pump and the probe laser was correct. Figure 3.2b shows
the power output of the IR laser pulse in the scanning range.
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Our first attempt to see the NH stretch (30 Bu mode) band of porphycene failed. This is not
surprising since this mode was found to be extremely broad due to coupling with several other
modes and hence its detection has been very difficult so far "), Unfortunately, further attempts
were not possible by sudden defects of OPO IR-laser (Figure 3.2 b), and the attemps are
proposed in the future.
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Figure 3.2b Energy profile of the IR laser pulse in the frequency range of interest, measured at
the entrance of the experimental chamber.

Saturation conditions while recording the LIF spectra of porphycene resulted in the lack of
simple one-to-one correspondence between the LIF excitation and origin-excited dispersed
fluorescence spectra (Figure 3.3). The former reveal many more spectral features. For example,
in the region below 180 cm™, only two bands appear in the dispersed fluorescence spectra at 152
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and 145 cm™, whereas at least 5 bands are observed in the vicinity of 140 cm™ in the LIF
excitation spectrum. Even larger difference is observed in the range 200-300 cm™. Therefore, the
assignment of corresponding vibrations in the Sp and S; states is not straightforward.
Unambiguous assignment of each vibronic state becomes possible after recording the dispersed
fluorescence spectra following excitation into different vibronic bands.

Intensity (a.u)

11/ W A

— LIF excitation spectrum
—— dispersed fluorescence spectrum

| 1 | 1
0 100 200 300 400

: -1
Relative wavenumber/cm

Figure 3.3 Comparison of LIF excitation (black, top) and dispersed fluorescence (red, bottom)
spectra of porphycene in supersonic jet. Fluorescence intensity in the dispersed fluorescence
spectrum is multiplied by -1 for easier comparison.
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3.2 Single vibronic level dispersed fluorescence spectra

Dispersed fluorescence spectrum from a single vibronic level (SVL) provides information complementary
to the excitation spectrum. It maps the overlap of the nuclear wavefunctions of the excited and ground
electronic states and hence such measurements are essential for the precise assignment of vibrational
levels both in the Sy and S, states. 31154 They also provide information about the extent of state mixing
into the precursor of intramolecular vibrational energy redistribution (IVR). Single vibronic level
fluorescence spectra originating from an excited vibrational level may provide detailed information on the
ground state potential of analogous level. In this section, the dispersed fluorescence spectra of porphycene
are presented and the bands are assigned with the aid of quantum chemical calculations.

3.2.4 O Excitation

The dispersed fluorescence spectrum of porphycene obtained via excitation of the high-energy
component of the origin doublet (16163 cm™) is presented in Figure 3.4. The spectrum exhibits
features similar to those reported from earlier supersonic jet measurements, |’ but with better
spectral resolution and sensitivity. Because of that, additional transitions could be detected.
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Figure 3.4. Dispersed fluorescence spectrum of porphycene recorded for excitation into the O’

origin band (16163 cm™). Frequencies are given in relative wavenumber from the excitation
energy.
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In the region up to 800 cm™, several previously unobserved small intensity bands have been
identified. The assignments of the vibrations are presented in Table 3.1.

3.2.B Excitation into low-energy vibronic bands

Figure 3.5 shows dispersed fluorescence spectra obtained for excitation into several
representative tunneling doublets of porphycene. Similar spectroscopic features assigned to
tunneling doublets have also been reported for malonaldehyde, [">>"** tropolone !'*°72
(17531771 9_hydroxyphenalenones ! 7%1% [183]

I and its

derivatives, Jand 6-hydroxybenzanthrone.
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Figure 3.5 Comparison of dispersed fluorescence spectra obtained for selective excitation into
both components of tunneling doublets: (a) O and O~ ; (b) 107/112; (c) 136/141; (d) 150/155
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Figure 3.5a presents a comparison of disperse fluorescence spectra at O} and O” excitations,

respectively. The two spectra are very similar in the intensity distribution, as well as in the
frequencies of the vibronic bands, except that, when plotted relative to the excitation energy, the

vibronic pattern obtained for the O~ excitation is shifted by 4-5 cm™ towards lower values. This

result is in line with the assignment of the bands at 16158 and 16163 cm™ as the tunneling
components of the zero-point-energy level. Guided by the 4.4 cm™ characteristic splitting and
similarity of the corresponding fluorescence emission spectra, we are able to identify numerous
pairs of tunneling doublets in the LIF spectrum of porphycene (Table 3.1).

Analysis of the SVL fluorescence obtained after selective excitation of the low-energy transitions
allowed detection and assignments of several vibrational levels which were not observed
previously. Additional help in the assignment was provided by the doublet structure of the LIF
spectra with constant spacing between the two components. The fluorescence spectra obtained
for excitation into each of the two tunneling sublevels of the same vibrations are very similar, but
they usually differ for excitation of different modes. This is crucial for reliable separation of
nearby or even overlapping transitions. Some additional examples of SVL spectra obtained for
excitation into different low-frequency vibronic bands are presented in Figure 3.6.
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N AL
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Figure 3.6. Dispersed fluorescence spectra obtained for excitation into low-frequency bands: (a)
144 em™, (b) 174 em™, (¢) 220 em™, (d) 398 em™.
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The spectra in Figures 3.5b-d and 3.6 are very simple and dominated in each case by one

prominent band assigned as v, band acting as an origin. The remaining bands are assigned to
1.0 .. .
V,x, type cross-sequence transitions, where v and x correspond to two different modes. Only a

few modes are active in the spectra built off 1/ : they correspond to 2A,, 3A, , and 4A, totally

symmetric vibrations and their combinations; in some cases, weaker intensity transitions
involving 1A, mode are also observed. The same modes dominate the fluorescence recorded
from the electronic origin. Also the relative intensities are quite similar. The assignment of
vibrations based on 0-0 and single vibronic level emissions is presented in Table 3.1.

Nearly all bands observed in SVL spectra reveal doublet splittings similar to the values of
4.4 cm™ observed in the LIF spectra. Since the spectral resolution of our setup is lower for the
dispersed fluorescence than LIF, the doublets are not well resolved as in the LIF spectra, except
for the 2A, mode, its overtones and combinations, for which the splittings exceed 10 cm’!. The
observation of a constant spacing between the doublet components in the LIF spectrum allows us
to assume a negligible tunneling splitting in S;. We use the symbols Ay and A; to indicate the Sy
splitting for the vibrationless level and for the v=1 level of the i-th mode. Presenting the SVL

fluorescence as a function of Vv, - v 1> Where the former indicates the excitation energy and the

latter, the recorded emission energy, one observes doublets separated by A;. For the excitation
from the lower (+) level, the two peaks are located at f+1/2(Ag - A;) and f+1/2(Ap + A)); for the
excitation from the upper (-) level the corresponding locations are f-1/2(Ag + A;) and f+1/2(A; —
Ao). The centers of the doublets are located at f+A¢/2 and f+ Ai/2 for excitation from (+) and (-),
respectively. By f we denote the (v=0) — (v=1) transition energy that would have been observed
had there been no splitting. This value should be compared with the calculated vibrational
frequency. For a special case of Ag= A; = A, the tunneling doublets observed in SVL are located
at fand f+ A for excitation from the (+) level, whereas for the excitation originating from (-)
they are positioned at f — A and f. Given our accuracy of about 1 cm™, such situation is
encountered most frequently. In Table 3.1 we present the frequency values obtained for
excitation into both the (+) and (-) levels; the former are more reliable because of the greater
population of the lower level, which results in higher emission intensity.

Excitation into the higher component of the 107/112 cm™ doublet (Figure 3.5b) gives, in addition
to the resonance fluorescence peak, a band peaking at 117 cm™ with a shoulder at 121 ecm™. The
origin-excited dispersed fluorescence spectrum does not show any vibronic band at this
frequency, but a peak was observed at 120 cm™ in the inelastic neutron scattering (INS)
spectrum. 7 The calculations for S¢/S; predict a vibration of B, symmetry at 117/107 cm™.
Therefore the 107 cm™ band in the LIF spectrum and the 117 cm™ transition in the emission are
assigned to the 1B, mode in the S; and S, states, respectively.
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The fluorescence emission spectrum following the excitation of 136/141 cm™ transition (Figure
5¢) is also dominated by one prominent band at 140 cm™ acting as an origin. This band is absent
in the origin-excited dispersed fluorescence spectrum; a feature at 134 cm™ has been observed by
INS. 7 The calculations predict for S; a fundamental vibration of B, symmetry at 129 cm’™; the
ground state frequency is calculated as 130 cm™. Therefore, the 136 cm™ band in the LIF
spectrum (a lower energy component of a doublet) and the 140 cm™ transition in SVL
fluorescence can be assigned to 2B,.

Figure 3.6a shows emission spectrum obtained via excitation of the 0+144 cm™ band in the LIF
excitation spectrum. The emission is dominated by one prominent band at 145 cm™. This feature
is already observed in the origin-excited fluorescence emission spectrum and assigned as 1A,.
Weak intensity bands are also observed at 316, 324, 330, 485, and 507 cm’! from the excitation
energy. Except for the 330 cm™ feature (tentatively attributed to 2B +3B,), they can be assigned
to the combination of 1A, with 2A,, 3A,, and 4A, modes. Because of large value of the
tunneling splitting for 2A,, the two components are clearly resolved. This is not the case for 3A,,
and 4A,, but the presence of doublets can be deduced from the larger widths of these peaks. On
the other hand, the peak corresponding to the 1A, mode is narrower. The origin of that may, in
principle, be twofold: (i) small value of the tunneling splitting for this mode; (ii) lack of
mechanism to populate both the “plus” and “minus” S; levels on the time scale of S; lifetime
(ns). The latter is improbable, as we observe emission from both components for modes other
than 1A,. For the particular case of the 1A, vibration, it has been already demonstrated that it
exhibits practically no tunneling splitting. !'°"! However, we will return to the general problem of
equilibration of the two tunneling levels in a separate section.

Dispersed fluorescence emission spectrum following the 0+155 cm™ band excitation is presented
in Figure 3.5d. The spectrum is dominated by a prominent band at 152 cm™, exhibiting a doublet
structure with a separation of 4 cm™. This band is not observed in the origin-excited dispersed
fluorescence. Based on the results of calculations regarding both absolute frequencies, as well as
the agreement between the predicted and observed shifts between Sy and S;, we assign this band
to the 2A, + 3A, combination.

Figure 3. 6b shows the emission spectrum obtained for excitation into the 0+174 cm™ band. The
spectrum is dominated by one prominent origin doublet at 166/170 cm™. This band is absent in
the origin-excited dispersed fluorescence spectrum. Based on calculations and the agreement
between computed and observed frequency changes between Sy and S;, we assign it to the first
overtone of the 3A, vibration.

Figure3. 6¢ shows the fluorescence emission spectrum obtained for excitation into the 0+220 cm”
" band in the LIF excitation spectrum. The spectrum is dominated by one prominent origin at 239
cm™. Although small in intensity, this band is also observed in the fluorescence emission
recorded for origin band excitation. We assign this transition to 2x1By, in excellent agreement
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with the calculated frequency and S-Sy shift. This band forms the origin for transitions involving
2A,, 3A,, and 4A, modes.

Excitation of the 0+394/398 cm™ features (Figure 3.6 d) gives a similar spectrum to that of
0+220 cm™ excitation. Now, however, the intensities of the peaks corresponding to 2x1B, and
2A, are similar. We therefore assign the 0+398 cm” band in the LIF excitation spectrum as the
combination of 2A,+2x1B,.

3.2. C 00 +184, 362, 364, and 541 cm™" excitations

Figure 3.7 shows dispersed fluorescence spectra obtained following the excitation of 0+184, 362,
364, and 541 cm™ bands in the LIF spectrum, respectively.
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Figure 3.7. Dispersed fluorescence spectrum obtained via excitation of (a) 0+184, (b) 0+362,
(c) 0+364, and (d) 0+541 cm™ bands.
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Even a cursory glance at the spectra reveals that the spectra in Figures 3.7a, b, and d form a
group with a similar pattern, while that presented in Figure 3.7c¢ is different.

The spectrum shown in Figure 3.7a is dominated by two bands at 174 and 186 cm™ acting as
pseudo origin, belonging to the tunneling doublet of the 2A, mode. Therefore the band at
0+184cm™ in the LIF excitation spectrum is assigned as 2A,. The bands at 143, 324, 514/526
and 538/551 cm’' are also observed in the fluorescence emission spectrum obtained via
excitation into the origin and are already assigned to 1Ay, 1Ag+2A,, 2A+3A, and 2A,+H4A,,
respectively. Two medium intensity bands are located at 345 and 365 cm™'. These frequencies are
close to those corresponding to 3A, and 4A, modes, respectively. However, these bands are
narrow and do not reveal splitting into doublets, expected for both 3A, and 4A, modes.
Therefore, we assign these bands as the overtones of the 2A, mode doublet. Similarly, the bands
observed at 525 and 549 cm™ are assigned to the third harmonic progression of the 2A, mode. Of
the remaining bands, the 501 cm™ can be assigned to 6B,. This transition has been previously
observed in the Raman spectrum, 7 but not in fluorescence.

Figure 3.7b shows the emission spectrum following excitation of the 0+362 cm™ band in the LIF
excitation spectrum. The spectrum exhibits features very similar to those observed in the
emission obtained for 0+184 cm™ excitation. Therefore, from the similarities of the spectra in
Figures 3.7a and b, we assign the 0+362 cm™ band in the LIF spectra as the second harmonic of
the 2A, mode. One can notice that the number of harmonic progressions of the 2A, mode
observed in Figure 3.7b is greater than that in Figure 3.7a. Such an increase in intensity and
number of vibronic progressions with increasing excitation quanta is observed e.g, in tolanes.
[186] The increase in intensity and number of vibronic progressions can be exploited for modeling
the potential energy surface along the mode in consideration. The pairs of bands at 345 and
364 cm'l, 518 and 543 cm'l, 700 and 731 cm'l, and 861 and 886 cm™ are assigned as 2x2A,,
3x2A,, 4x2A, and 5x2A, progressions, respectively. It is remarkable that the pattern of the

intensities of the doublet components is reversed for 184 and 362 cm™ excitations.

Shifting the excitation by merely 2 cm™, to 0+364 cm™ results in a dramatic change in the SVL
spectrum (Figure 3.7c). It is now dominated by the 4A, band. The features around 170/180 cm™
are barely detected, but the 2A, mode is readily observed at 527/540 cm™: this band doublet
corresponds to the 44, 24,7 transition. Contributions from 3A, and 4A, are also observed at

696 and 720 cm’. Comparison of two completely different spectra obtained for very similar
excitation energies reveals the power of SVL experiments in disentangling complicated spectral
patterns.

Figure 3.7d shows the fluorescence emission spectrum obtained for excitation of the 0+541 cm’
band in the LIF excitation spectrum. The emission reveals features similar to those of Figures
3.7a and 3.7b, but is relatively simpler. Interestingly, while the vibronic activity in the vicinity of
3x2A, is extremely weak, all the other vibronic progressions of the 2A, mode are observed.
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Therefore, we assign the band at 0+541 cm™ in the LIF excitation spectra to 3x2A,. The low
intensity of the 2Agz transition can be due to the interaction between nearly isoenergetic 3x2A,

and 2A,+4A, levels in the ground electronic state.
3.2.D 00 +339, 364, 400, 481, and 518 cm™ excitations

Figure 3.8a-d presents dispersed fluorescence emission recorded for excitation into the
0+339, 364, 400, and 481 cm™ bands in the LIF excitation spectrum. The corresponding pseudo-
origins are observed in the emission spectra at 337, 361, 398, and 481 em™,

All bands except 398 cm™ are already observed in the origin-excited dispersed fluorescence
spectrum. The Raman spectra yielded a feature at 399 cm™, assigned to 5B,. ®71 All the spectra
show similar features in that all are dominated by one prominent pseudo origin, while the rest of
the bands belong to vibrations observed also for excitation into the origin. Thus the bands at
0+339, 364, 400, and 481 cm" in the LIF excitation spectrum are assigned as 3Ag, 4A,, 5By, and
5A,, respectively.

Figure 3.8¢ shows the emission spectrum for excitation into the 0+518 cm™ band in the LIF
spectrum. This spectrum looks different from the others in that there is no dominant band.
However, the doublet at 343/348 cm™ belonging to 3A, and its combination with 2A, at 514 and
526 cm™ seems to compete for origin. Such competition was also observed in Figure 3.6d when
exciting a combination mode. The analysis of the bands in this spectrum leads to the assignment
of the band at 518 cm™ in the LIF spectrum as the combination of 2Ag1T3A,.

3.2. E 0° +826 and 909 cm’ excitations

The corresponding spectra are shown in Figures 3.9a and b. All the spectra show similar
features among themselves, but very different from the rest of the emission spectra discussed so
far. They are characterized by broad emissions, a characteristic signature of IVR. "** Tt has
already been pointed out that the LIF excitation spectrum already showed additional excited
state dynamics for excitation beyond 800 cm™ above the 0-0 transition. The single vibronic level
fluorescence emission spectra presented in this section confirm this conjecture. In Figure 3.9a,
one can see a few discrete vibronic bands which could suggest a restricted IVR, while Figure
3.9b shows very broad emissions, characteristic of dissipative IVR. Due to spectral broadening
and congestion of porphycene spectrum when excited with energy above 800 cm™, it was not
possible to clearly assign the vibronic bands in the LIF excitation spectrum in this case.
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Figure 3.8 Dispersed fluorescence spectrum obtained for excitation into (a) 0+339, (b) 0+364,
(c) 0+400, (d) 0+481, and (e) 0+518 cm™ bands.
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Figure 3.9 Dispersed fluorescence spectra obtained via excitation of (a) 0+ 826 cm™ and (b)
0+909 cm™ bands.
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3.3 Comparison between experimental and calculated frequencies

Porphycene has 108 fundamental vibrations. The C;, symmetry of the planar trans tautomeric
forms dictate that eighteen A, and thirty six B, modes should be IR-active, whereas in the
Raman and fluorescence, transitions involving thirty seven A, and seventeen B, modes are
allowed. Inspection of IR and Raman spectra shows that the mutual exclusion principle is strictly
obeyed, which provides a strong argument for the trans structure of porphycene. This finding
also allowed a separate analysis of gerade and ungerade symmetry 7.

The analysis of SVL spectra allowed us to assign the origin of vibronic bands observed in the
excitation and emission spectra of porphycene. Table 3.1 presented the assignment of over a
hundred peaks (fifty doublets) observed in the LIF excitation spectrum in the range up to 850
cm’™ above the 0-0 transition. The analysis reveals the dominant role of totally symmetric modes,
of which 2A, is particularly active. Among the non-totally symmetric modes, 1B, and 2B, are
present as fundamentals, combinations and overtones. A previously non-observed 3B, mode was
detected, both in LIF (combination with 2B,) and in emission (as a fundamental). Other modes
observed for the first time are 1A,, 2A,, and 3A,; they were detected as combinations or
overtones.

Optimization of geometry, followed by calculation of vibrational frequencies was performed
for porphycene in both Sy and S; electronic states. Figure 3.10 and Table 3.2 present the
comparison between theory and experiment. Except for one mode in the S; state (5B,) the
agreement between theory and experiment is perfect. Practically the same fit quality is obtained
for 6-31G(d,p) and 6-311++G(d,p) basis sets. For the ground state calculations, the double-
zeta/triple zeta basis sets yield the scaling factor of 0.9802/0.9863, correlation coefficient r =
0.99983/0.99980, and the root mean square error of 8/9 cm™. For the S, calculations the
corresponding values are 0.9902/0.9960, 0.99944/0.9993, and 12/13 cm™. Closer analysis reveals
that not only the 5B, mode in S;, but in general, other out-of-plane vibrational transitions are
calculated with worse accuracy than the in-plane modes, both for Sy and S;. This finding was
recently discussed in another planar aromatic molecule, 1 H-pyrrolo[3,2-4] quinoline. [187]
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Figure 3.10 Comparison of experimental and calculated vibrational modes of porphycene in

the ground (bottom) and the lowest excited singlet state (top). A and C are calculated
frequencies using B3LYP/6-31G (d, p), B and D are calculated frequencies using B3LYP/6-
311++G (d, p) calculations. The plots for Sy include also the 84, mode at 810 em™, 7 ot
observed in the present work.
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Table. 3.2. Comparison of experimental and calculated low frequency modes of porphycene in
So and S; electronic states. The calculated values include scaling factors (see text).

So S, Ass
Exp 6-31G(d,p) 6-311++G(d,p) | Exp 6-31G(d,p) 6-311++G(d,p)
58 60 59 - 55 54 1A,
69 71 70 65,5 66 65 2A,
83 87 84 84,5 90 87 3A,
117 116 117 107 108 107 1B,
140 133 130 136 133 129 2B,
145 147 147 139 145 146 lAg
178 184 185 179 177 179 2Ag
190 194 191 169 191 186 3B,
219 204 201 - - - 4Bg
303 311 310 283° 284 290 5A,
340 340 342 335 339 340 3A,
362 363 365 360 362 367 4A,
399 390 390 395 362 355 5B,
481 482 482 476 483 483 5Ag
505 483 485 - - - 6B,
614 632 630 - - - 7B,
599 598 601 601 597 599 6A,
648 660 658 - - - 8B,
661 661 664 643 645 650 TA,
705 699 690 - - - 9B,
710 704 702 - - - 10B,
810 816 820 - -- -- 8A,

* estimated assuming 54 cm™ for the frequency of 1A,.

3.4 Dynamics of intramolecular energy flow

The fact that the vibronic levels are split due to tunneling provides an opportunity to trace the
relaxation of the initially excited levels by looking at the relative intensities of the doublet
components. In most cases, selective excitation into either component of a tunneling doublet
results in the emission from both (+) and (-) levels, demonstrating efficient equilibration on the
time scale of S; lifetime. It should be recalled that the tunneling splitting in S; are small, of the
order of a fraction of a wavenumber. "°" In order to evaluate the rate constant for equilibration
in S;, we carried out time-resolved experiments, searching for a possible delay between the onset
of two emissions. No such delay could be determined while exciting into the origin. The time

resolution of our oscilloscope is about 1ns, implying that the relaxation rate is above 10° s™.
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Assuming tunneling splitting of 0.02 cm™ in the S; state, the tunneling time would be about 1 ns
Since the expected fluorescence lifetime is above 10 ns, the molecules excited into the origin can
fully relax before emission. The situation may be different for excitation into higher vibronic
levels. As already discussed, the emission spectra change significantly for the excess energy
above 800 cm’.

For lower frequency vibrations the relaxation seems to be efficient. However, closer
inspection of the spectra reveals remarkable exceptions, in particular for low-frequency modes.
For the 2A, pair, the relative intensities are practically the same no matter whether lower (179
cm™) or upper (184 cm™) tunneling pair is excited. This is not the case for 1B, and 2B, doublets
(107/112 and 136/141 cm™, respectively) for which the emission occurs from the initially excited
levels (Figure 3.5).

An interesting alternation of relative intensities is observed for the progressions of the 2A,
vibration, the mode which exhibits the largest splitting. It is also the most active mode in the
fluorescence spectra. Because of considerable spectral separation of the doublet components of
this mode and its activity, this vibration can be analyzed in detail by inspection of the SVL
spectra, discussed in the next Section.

3.5. Mode-selective and vibrational-level-dependent tunneling splittings

t "% and helium nanodroplets '*!

Both supersonic je studies demonstrated that tunneling splitting
in porphycene is mode-selective. The largest value of the splitting, 12 cm™, is observed for the
2A, mode and its combinations with 3A, and 4A,, for the 1A, and 7A, vibrations the splitting 1s
negligibly low, whereas for other modes (3A,, 4A,, 2x3A,, 3As+4A,) the values are similar to
that observed for the zero-point energy level, 4.4 cm™. Our present results allow us to determine
the values of tunneling splitting for the states in which two ground state vibrations are
simultaneously excited, as well as to observe the values for different excitation levels of a
particular mode. Due to the spectral resolution of our instrument, we could reliably monitor the
changes in the 2A, mode, the one that exhibits the largest splitting. Table 3.3 shows the values
obtained for coexcitation of different Sy vibrational levels. Two important features are evident.
The first is the lowering of tunneling splitting of 2A, for states in which, in addition to this mode,
another vibration is excited. This was found for 1A,, 1B,, and 2B, modes. The forms of these

modes are shown in figure 3.11 below.
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Figure 3.11 Displacement vectors of 1Ag 2Ag 1By and 2B, normal modes obtained using
B3LYP/6-311++G (d, p) calculation.

In Car-Parrinello molecular dynamics study of tautomerism in porphycene, simulation of
simultaneous excitation was performed for 1A, the “inhibiting” mode which reveals no
tunneling splitting and 2A,, the “enhancing” mode with a large splitting. 791 The results indicated
that the enhancing nature of 2A, prevails over the inhibiting character of 1A,. This is in line with
the present finding, since the tunneling splitting of 8 cm™ measured for the 1Ag12Ag1° transition
is almost twice higher than the value of 4.4 cm™ observed for the vibrationless level. Regarding
1B, and 2B, modes, their out-of-plane character could suggests weakening of intramolecular
hydrogen bonds during vibrational motion, which should result in a smaller splitting. Our
spectral resolution is too small to verify this by looking directly at these modes, not at
combinations, but a splitting somewhat smaller than 5 cm™ and the lack of splitting observed for
1B, and 2x1B, excitations, respectively, suggests it may be the case.

The second characteristic feature is a substantial increase of tunneling splitting for the
overtones of 2A,. The values of 12, 19, and 24 cm’ have been obtained for v=1, 2, and 3, levels
respectively, which shows the crucial character played by this mode in the tautomerization path.
Moreover, large values of the splitting allow us to hope that reliable splitting values could also
be obtained for porphycene with one or perhaps even two internal protons exchanged for
deuterons.

Table 3.3 also shows that the relative intensities of the bands forming tunneling doublets vary
quite strongly. In particular, observation of Sy overtones of 2A, (Figure 3.7a-b) reveals the
reversal of intensities for transitions ending on v=1 and v=2. Moreover, the reversal is also
observed for a particular ground state vibrational levels when the excited state level changes
from v=1 to v=2. These findings may be interpreted as indicating different energy order of (+)
and (-) levels for even and odd vibrational quantum numbers.
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Table 3.3. Ground state tunneling splitting of the 2A, mode obtained from SVL spectra for

different vibrationally excited levels.

Excitation * Transition Tunneling splitting Relative intensities "
[Cm_l] Liow/Thign
_ 0
0" 24, 12 1.3
0 12 1.2
0; 24,
0 1
136 24,28, 7 2.1
0 1
141 24, 2B, 7 2.0
1 0
144 14,24, 8 0.9
155 24 021413141 13 0.8
g1 u u
179 24" 12 0.9
81
184 24" 12 0.8
81
0 2
220 24,'1B,; 6 1.8
0 1
335 24,34, 12 1.2
0 1
339 24,34, 13 1.2
0 1
360 24,44, 13 1.1
362 24° 12 1.6
&1
362 24° 20 0.5
82
362 24° 24 2.0

&3
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364 2Ag:)4Ag1 12 1.2
476 2Ag?5Ag: 11 1.2
481 2Ag?5Agi 12 0.9
514 2Agi3Agi 13 0.6
514 2Ag123Ag1 20 0.9
518 2Ag:3Ag: 12 0.9
518 ZAg123Agi 20 1.2
521 2Ag:1Aui5Aui 15 2.1
1 2 1
532 24,1B,2B, 15 1.7
1 2 1
532 24,1B,22B,) 20 1.8
541 2Agf 12 2.0
541 ZAgz 20 1.2

* Excess energy [cm™'] counted from O~ ; ° indices low/high correspond to the transition energy of 2A
gy g P g

doublet components; estimated maximum error: £30%.

3.6. Double proton tunneling in the S; state

We have noticed an “anomaly” that selective excitation of one of the components of the
tunneling doublet ( 0% or 0Z excitation for example ) shows fluorescence from both
tunneling states. Such observation would have been expected either both 0f and 07 excitations
are allowed or if the second state is produced due to population after selective excitation of the
first state as shown in the figures 3.12 a and b below.
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Figure 3.12 Simplified Jablonski diagrams to explain dual emission following selective
excitation. (a) explains the direct access of two emitting states from a single ground state while
(b) shows population of the second emitting state following thermalization. (c) Shows excited
state population of the second state via a mechanism by which double emission is observed
following selective excitation. At this stage, it was not possible to clearly propose a possible
phenomena for the population of the second state.

However, spectroscopic transition selection rule dictates transition between states of the same
parity (i.e, either 03 or 0Z transitions) are allowed hence the mechanism in Figure 3.12 a cannot
be the reason. The explanation in Figure 3.12 b would be possible if there is effective collision
between the molecules under investigation. However, such precondition is not allowed in
supersonic-jet condition where effective collisions are negligible. At this stage, it was not
possible to give specific mechanism for the population of the second state.

3.7 Single vibronic level life time measurements of porphycene and Pc-d;,

Additional information about excited state dynamics of porphycene comes from single vibronic
level fluorescence lifetime measurement. Fluorescence decay from excitation of a single vibronic
level was measured as an average of three sets of measurements; each set accumulating 512
decays (see Table 3.4).
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Table 3.4 shows
levels.

the measured fluorescence life times of porphycene from

various vibronic

Excitation Assignment Fluorescence At = (+/+)-(-/-)
energy (cm’™) lifetime, T (ns)

0-0 (-/-) 27.4 1.78
0-0 (+/+) 29.2

136 2B, o' (-/-) 26.1 0.81
141 2B, o' (+/4) 26.9

179 2A, ¢ (--) 26.5 -0.83
184 2A, ¢ (++) 25.7

215 1B, o” (-/-) 22.42 3.11
220 1B, ¢ (+/+) 25.53

238 1B, o' (-/-) 2A, ¢° (-/-) 25.37 -1.98
242 1By o' (+4) 2A, ¢ (+/+) 23.39

305 2B, o' (-/-) 3By o' (-/-) 22.09 2.88
309 2B, o' (+/+) 3By o' (+/4) 24.97

315 2A, ¢ (-1-) 2By o' (-/-) 24.02 1.12
320 2A, ¢ (+/4) 2B, ¢ (+4) 25.14

318 1A, 0 (-/-) 2A4 o' (/) 25.14 -2.55
323 1A, o' (++) 2A, ' (+/4) 22.59

335 3A.0' (--) 26.07 0.45
339 3A.0' (+4) 26.52

337 1Au o' (/-) 5A4 0" (-/-) N ——
342 1Ay o' (+/1H) 5A4 0 (H4) 26.32

358 2A40” (--) 24.37 1.25
362 2A, 0" (+4) 25.62

360 4A 0 (--) 25.16 -3.15
364 4A,4 0 (+4) 22.01

371 1By o' (-/-) 2By o' (-1-) 2A, ¢° (-/-) N ——
375 1B, o' (+/1) 2By o' (H4) 2A, 0" (+/4) | 24.03

394 2A40' (-/-) 1Bgo” (-/-) 11.9 0.2
398 2A, 0 (+/4) 1By " (+/4) 12.1

476 5A.0' (--) 11.3 1.9
481 5A40' (+/4) 13.2

The fluorescence lifetime generally tends to decrease with increasing excitation energy and does
not show any significant dependence on the symmetry of vibrational levels in the S; state, as it
was observed for Pc-d;, (see Figure 3.13). Interestingly, a sudden decrease (almost twofold) in
the fluorescence life time was found for porphycene itself for vibratios above c.a 390cm’™.
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More detailed investigations are needed, however, to explain this interesting behavior, having in
mind a regular behavior for Pc-d;,.
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Figure 3.13 A plot of fluorescence life time versus excitation energy of porphycene and Pc-d ;..
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3.8 Conclusions

LIF excitation spectra in combination with hole burning spectroscopy have revealed several
transitions of porphycene which have never been reported so far. Combined with quantum
chemical calculations, this procedure led to the precise assignment of low frequency vibrations
of porphycene in the S; state. Almost all the single vibronic level fluorescence spectra give a
simple pattern dominated by one sequence origin band, which makes the assignment and
correlation of the vibronic bands in the Sy and S; states pretty straightforward. Comparison of the
spectroscopic characteristics of the tunneldoublets of the origin band has also been made. In
most cases, the DF spectra of the doublets are similar. Single vibronic level fluorescence study
also shows that the excited state dynamics is dominated by IVR for excitation energy exceeding
c.a 800 cm™. Based on single vibronic level fluorescence study in combination with quantum
chemical calculations, unambiguous assignment of the Sy and the S; vibrations of porphycene
were made. Moreover, our results demonstrate that the low frequency vibration in the
electronically excited S; state can now be computed with the accuracy comparable to that of the
ground state.

It turned out that the excitation into each of the two tunneling doublets gives similar spectral
features in the DF spectra. Guided by the spectroscopic similarity, we were able to identify and
compare the spectroscopic characteristics of various pairs of tunneling doublets, using selective
excitation into the bands observed in the LIF excitation spectrum. For several cases, coupling of
the 2A, mode with other vibrations was observed, resulting in the lowering of tunneling splitting.
Most interesting, the tunneling splitting of the 2A, mode progressions were found to strongly
increase in the Sy state. Since the 2A, mode is considered crucial for the promotion of
tautomerization in porphycene, more detailed investigations are presented in chapter four. These
studies lead to a better understanding of the multidimensional character of doubly hydrogen
transfer in porphycene.
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Chapter four

Low frequency assisted double proton tunneling in porphycene:

Experiment and Theory

As stated in the previous chapters, knowledge of proton tunneling reactions needs detailed
understanding of the potential barrier and its dependence on different vibrational modes. An
additional question when dealing with double proton transfer is the notion of “concerted ”

24,70,88,101 . .
(ATO88I0I] 1y concerted mechanism, the most stable trans isomer

versus “stepwise” mechanisms
of porphycene involves a “simultaneous” hydrogen transfer leading to equivalent isomer while in
stepwise mechanism, one hydrogen is first transferred to form an intermediate cis-isomer
followed by the second hydrogen transfer to form the second equivalent trans isomer or back
hydrogen transfer to restore the original isomer. Results from fluorescence anisotropic study of
porphycene in polymer films ** %> 1% 151 are in agreement with the concerted proton transfer

mechanism.

Concerning vibrational mode dependence of tunneling splitting, Vdovin et.al ™'°! have shown

different tunneling splittings for different vibrations of porphycene in the ground state. Based on
the extent of tunneling splitting three types of vibrational modes, promoting (those splitted by 12
cm™ or more), neutral (mode splitted by 4.4 cm™) and hindering (modes which do not show
splitting within the experimental resolution) modes have been identified. The differences in
tunneling splitting in different vibrational modes show coupling of proton transfer coordinate
with other modes and hence multidimensional character of the potential energy surface (PES)
for proton transfer. This observation has also been strengthened by the experimental results
(Chapter 3) from LIF excitation near a saturation regime, hole burning spectroscopy, and
extensive single vibronic level (SVL) dispersed fluorescence measurements of supersonic jet-
isolated porphycene, along with quantum chemical calculations. It was also possible to
demonstrate the multidimensional nature of proton tunneling and the importance of mode
coupling in influencing the process, for we have seen different values of tunneling splittings for
different fundamentals, progressions and combinations of vibronic transitions. This picture was
confirmed by theoretical studies, based on Car-Parinello molecular dynamics simulations. "

When vibrational motion couple to proton transfer , the tunneling splitting in the vibrationally
excited level may increase (promoting) or decrease (hindering) due to the change in the tunneling
potential energy surface. ')
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In this chapter the results from LIF excitation and single vibronic level dispersed fluorescence
(SVLF) spectral measurements via selective excitation of a totally symmetric low frequency
mode (2A,) and its harmonic progressions (2x2A, and 3x2A,) in porphycene (Pc), mono-
deuterated porphycene (Pc-d;) and doubly deuterated porphycene (Pc-d,) are presented. In this
case the deuterations are performed in the internal nitrogen cavity of porphycene. Coupling
between this mode and the tunneling coordinate has been observed. Then the calculated energy
split were fitted to the experimental ones using two-dimensional symmetric mode coupling
(SMC) and V-parabola model. - 1°%

4.1. Laser induced fluorescence (LIF) excitation spectra

Because pure samples of Pc-d; and Pc-d, are not available in pure forms, they were produced
from pure porphycene by seeding a deuterating agent (Methanol (MeOD) in this case) in the
carrier gas. This procedure results in the formation of Pc-d; from partial deuteration, Pc-d, from
complete deuteration and unsubstituted pure porphycene. For convenience the name Pc-mix is
adopted for the mixture. LIF excitation spectra of Pc-mix (black) and pure Pc (red) isolated in
supersonic jet are presented in Figure 4.1.

Comparison of the spectra in Figure 4.1 shows the appearance of new bands around 16139.4
and 16119 cm™. The first band is red-shifted by about 24 cm™ from the 0-0 transition of Pc
(16163.44 cm™). A similar red shift (about 24 cm™) was observed for parent porphycene when
one of the internal NH hydrogens had been exchanged by deuterium showing the reproducibility
of the result!™'°"'*7) Therefore, we assign the band at 16139.4 cm™ as the 0-0 transition of Pc-
d;, where one of the cavity NH hydrogens in Pc is replaced by deuterium. The second band at
16119 cm™ is red-shifted by about 44 cm™ relative to the origin of Pc and it is assigned as the 0-0
transition of Pc-d; where both internal NH hydrogens are exchanged by deuterons.

Identification of 2A, mode and its second harmonic, 2x2A, in Pc-d; and Pc-d, requires
comparison of the LIF excitation spectrum of Pc-mix with that of parent porphycene. The
identification of especially 2x2A, mode in Pc-d; and Pc-d, is further complicated by the method
of deuteration of parent porphycene in supersonic-jet. After preparation of Pc-d; and Pc-d, there
is still plenty of pure porphycene sample left in the molecular beam sample. Therefore, the
resulting LIF excitation spectrum is actually a contribution from the three species. Fortunately,
the relative position of 2A, mode is not affected by deuteration. So it is expected that the relative
positions of 2A, and its harmonic progressions in Pc-d; and Pc-d, are more or less at the same
relative position as that of parent porphycene.

2A, mode is found at 179.6, 180 and 180.5 cm’! for Pc, Pc-d; and Pc-d,, relative to the origin of
the respective species. As shown in Figure 4.1, this mode is splitted by 4.4 cm™ in Pc while
splitting is not observed for the deuterated porphycenes indicating suppression of proton
tunneling in the deuterated isotopomers. Comparison of LIF excitation spectrum of the mixture
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with that of pure porphycene in wavelength scale shows that 2A, modes of Pc and Pc-d; are
relatively isolated. Therefore selective excitation of these modes give a fluorescence spectra
corresponding to the respective “pure” species. On the other hand, the position of 2A, mode of
Pc-d, overlap with the other vibration of porphycene which is already assigned as 2B, mode
(Table 3.1). Therefore, fluorescence from selective excitation of this mode is expected to show
contributions from both Pc and Pc-d, and hence a careful comparison of the mixed spectrum
with spectrum of pure porphycene at the same excitation wavelength is necessary. Similarly, the
second harmonic 2A, mode (2A4,°) is observed at 360.3, 359.8 and 359 cm™ for Pc, Pc-d; and
Pc-d, relative to the origins of the respective isotopologues.
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Figure 4.1 Laser-induced fluorescence excitation spectra of Pc-mix (black) and pure Pc (red)
in a supersonic jet. The spectrum of pure Pc is mirror reflected for easier comparison.
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4.2 Single Vibronic level dispersed fluorescence spectra

4.2.4 0-0 Excitation

Dispersed fluorescence spectra of Pc, Pc-d; and Pc-d, via excitations of the respective origin
bands are presented in Figure 4.2 a, b and c.

The results show that the tunneling splitting observed in 2A, mode of Pc disappears when one or
both inner NH hydrogen atoms of porphycene are exchanged with deuterons indicating lower
proton tunneling rate in the deuterated isotopomers. A decrease in the value of tunneling splitting
is also observed for other modes. For example 3Ag and 4Ag modes observed at about 340 and
365 cm™, respectively, show tunneling splitting of about 4.4 cm™ in Pc while the splitting
disappears in the deuterated isotopomers. Similar studies had been carried out in He nanodroplets
which essentially showed the same results !'’’). However, the experimental resolution in the
droplets was high enough to see the tunneling splitting of 2.3 cm™ in 2Ag01 mode of Pc-d; which
is below the resolution of our set-up (about 4 cm™). In the spectra presented, we do not observe
the harmonic progressions of 2A, mode and associated tunneling splitting.

4.2.B 0 +180 cm™ Excitation

Fluorescence spectrum from a single vibronic level of a molecular vapour is proved to be
important in many cases in detecting the high vibrational levels of the ground state !'*'*!],
Fig.4.3 a, b and ¢ shows fluorescence spectra after 0+180 cm™ excitation of Pc, Pc-d; and Pc-ds,

respectively.

As expected, selective excitation of 0+180 cm™ mode helps to see progressions of 2A, mode up
to n=3. It was found that tunneling splitting in 2Agl1 mode is increasing from 12 cm™ to 19 cm™
in 2A, ,! and to 25 cm™ in 2A, ;' progressions, respectively. This result is in line with earlier
suggestions that the mode is promoting. Tunneling splittings in 2Ag11 modes of Pc-d; and Pc-d,
were not observed in our experiment. This might be because the splittings are too small to be
resolved in our experiment (< 4 cm™). Results from high resolution spectroscopy of porphycene
in helium nanodroplets showed tunneling splitting of 2.3 cm™ for 2A, mode of Pc-d; in the
ground state. On the other hand, it was possible to observe a tunneling splitting of 5.6 cm™ for
2A, ,! transition (n=2 level) of Pc-d;. The tunneling splitting for 2A, ,! transition (n=2 level) of
Pc-d; is not observed probably because it is still below the experimental resolution.
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Fig. 4.2 Dispersed fluorescence spectra of (a) Pc, (b) Pc-d; and (c) Pc-d; via origin band
excitation in supersonic jet.
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Figure 4.3 Dispersed fluorescence spectrum of obtained by excitation into 2Ag:) transition of (a)

Pc, (b) Pc-d; and (c) Pc-d, isotopomers in supersonic jet. The asterisks in (c) show transitions
belonging to Pc-d,.
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Another distinct feature in Figure 4.3 is that the dispersed fluorescence spectrum of Pc-d, (Figure
4.3.c) is different from the other two spectra. As explained earlier, the spectrum is found to be a
contribution of dispersed fluorescence from pure porphycene (via 2B, mode excitation) and Pc-
d, (via 2A4" excitation) (see Figure 4.4).
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Figure 4.4 Dispersed fluorescence spectra of Pc-mix (black) and pure Pc (red) via excitation of
the band at 0+141 em™ (613.5 nm) in a supersonic jet. The spectrum of pure Pc is mirror
reflected for easier comparison.

Comparison of the spectra in Figure 4.4 with fluorescence spectrum from 2B, mode (0+141cm™)
excitation of pure porphycene was helpful to identify vibrations belonging to pure Pc-d, (marked
with asterisks). Observation of tunneling splittings for both Pc and Pc-d; is an important result
which gives a powerful insight while modeling the potential energy surface for proton tunneling
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and even to predict tunneling splitting which are not observed in the experiment, especially for
Pc-d;. Summary of experimental and theoretical values of tunneling splitting in the 0 level, 2A,
and its progressions is summarized in Table 4.1.

4.2.C 0+360 cm™ (2A, o’) excitation

Inspired by the results above, we excited 2x2A, level expecting to see a greater number of
vibronic progressions in 2A, mode in the ground state 19U Dispersed fluorescence spectra of Pc,

Pc-d; and Pc-d; via excitation of 0+360 cm™ are presented in figure 4.5 a, b and c, respectively.

A 2 0+360 cm” Excitation

Fluorescence Intensity (a.u)

0 200 400 600 800 1000

. -1
relative wavenumber (cm )

Figure 4.5 Dispersed fluorescence spectra of porphycene and isotopomers via excitation of 24 g02
mode in the respective species.
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As shown in Figure 4.5, indeed progressions of 2A, mode up to n=4 level are observed in the
ground state. Tunneling splittings are found to be 12, 19, 25 and 31 cm™ for n=1, n=2, n=3 and
n=4 levels of 2A, mode for Pc, respectively. It was also possible to observe tunneling splitting
value of 9 cm™ in n=3 level of 2A, mode in Pc-d;. Once again we found additional experimental
values of tunneling splitting for Pc and Pc-d; in n=3 level of 2Ag mode that could be used as an
input for modeling the proton transfer coordinate.

4.3 Two dimensional modeling of the potential energy surface

The modeling of intra-molecular proton tunneling in porphycene requires the knowledge of the
local behavior (force constants) of the 108-dimensional potential energy surface (PES) obtained
from ab initio studies. One could try to fit two-dimensional analytical approximation to this
surface and investigate the dependence of the high frequency and low frequency oscillatory
modes under consideration and then followed by comparison of the calculated energy splittings
(the tunneling effect) with the observed ones from the single level dispersed fluorescence
spectra. SMC model "*"°% was used as analytical functions to map the ground state PES.

4.3.1 SMC model

In the symmetric mode coupling (SMC) method we assume that the approximate potential is
quartic along the high frequency mode (tunneling coordinate) and quadratic along the low
frequency mode (promoting 2A, mode). The dimensionless form of this potential has three
independent parameters: g, ®, o, where g can be related to the average kinetic energy of the
mode, ® — to the ratio of the frequencies and a — to the coupling strength between the modes.

g : 0° 1 2 2,1 5 2 2

Hoye =T + Vseyy = — > <ﬁ+a—yz>+ 3 (x—1D(x+1) +§a) (a(x*=1) +y)
The fitting is done in such a way that the experimental 0 level tunneling splitting in the ground
state was kept fixed and the parameters in the analytic function are varied until the 0 level
splitting is reproduced. Then after, the tunneling splitting in 2A, mode and its progressions are
predicted. The results of fitting (Table 4.1) shows good correspondence for the calculated and
observed tunneling splitting in the low frequency mode for porphycene (a) and monodeuterated
isotopologue (Pc-d;) (b).
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Table 4.1 Calculated and observed tunneling splitting in the low frequency modes for
porphycene (a) and monodeuterated isotopologue (Pc-d;) (b) using SMC model.

a) The results of fitting parameters m, a and g (Pc)

2A, 2x2A, 3x2A,
Frequency 0 176.8 352.3 528.3
(experimental)
Frequency 0 176.2 352.0 527.5
(Calculated)
Tunneling 4.4 12 19 25
splitting (Expt)
Tunneling 44 9.3 16.2 25.2
splitting (Calcul)
Parameters o — 0.092; a— 6.4; g—0.0932

For @, =3080cm™ ,% =0.72A, m, = 1.41and &, = 283.36cm™!

b) The results of fitting parameters ®, a and g (Pc-d;)

2A, 2x2A, 3x2A,
Frequency 0 176.8 358.7 5335
(experimental)
Frequency 0 175.3 349.9 524.0
(Calculated)
Tunneling 0.58" 22° 5.6 9.8
splitting (Expt)
Tunneling 0.58 2.2 5.7 11.9
splitting (Calcul)
Parameters w—0.15; o0—64; g—0.0932

For &, =2240cm™ ,%, =0.72A, m, =223 and @, =336cm™!

* Experimental values are obtained from helium nanodroplet experiments.

One interesting result is that the experimental tunneling splittings in 2x2A, and 3x2A, transitions
are well predicted by the SMC model. However, the model overestimates the frequency of the
assisting mode, ( @,) both in Pc and Pc-d; predicting a frequency of 283 and 336 cm’ in the
former and the latter species while the experimental value of this mode is about 180 cm™ in both
species.
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Figures 4.6 a and b show the three dimensional potential fitted and contour plot of the SMC
model for porphycene, respectively.

(a) (b)

Figure 4.6 (a) Three dimensional SMC potential fitted for porphycene and (b) Contour plot of
the SMC model for porphycene, respectively.

Based on SMC model, the value of the potential barrier corresponding to the saddle point is
predicted to be 4131 cm™. On the other hand, Vdovin et.al ?! had estimated a potential barrier
in the range of 217-1360 cm™ using one dimensional symmetric double minimum potential %,
This value is by far much less than the value found in this work. Gawinkowski et.al ! have
shown that the average value of the N-H stretching frequency (which most probably be the
tunneling coordinate) has an average value of 2500 cm™. This implies that the vibrationless level
will have a frequency of about 1250 cm™ which makes the proton transfer process almost barrier
less and hence the role of tunneling should be insignificant if one assumes the results of the one
dimensional model considered above is true. However, all experimental results show that the
process is extremely sensitive to isotopic substitution. Besides, the fact that there are modes
which promote or inhibit whithout being the reaction coordinate and the sensitivity of the process
to substitution even when it is far from the reaction coordinate proves that the effect is not one

dimensional.
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4.4 Conclusions

Dispersed fluorescence spectra received from selective excitation of progression levels (n=1, 2)
of a low frequency totally symmetric in plane mode, 2A, clearly revealed corresponding vibronic
progressions of this mode in the ground state. The values of tunneling splittings are found to
increase with vibrational quantum number in the ground state along the assisting 2A, mode both
in Pc and Pc-d;. On the other hand, no tunneling splitting is observed for Pc-d,.

SMC model was applied to map two dimensional potential surface of porphycene. Using this
model, the experimental tunneling splittings were well reproduced. Base on the model, the
potential barrier for double proton tunneling is predicted to be about 4000 cm™. The results of
the study show that 2A, mode is indeed a promoting mode assisting proton tunneling in
porphycene by decreasing the potential barrier.
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Chapter five

Spectroscopic study of jet-cooled deuterated porphycenes:

Unusual isotopic effects on proton tunneling

Proton tunneling is an extremely sensitive phenomenon that could respond to both electronic and
geometrical perturbation of the reaction center. It has been shown that both substitution of the
inner tunneling N-H hydrogens by deuterons or alkyl substitution of external C-H hydrogens
have dramatic effects on the tunneling rate and/or mechanism, as mentioned in the previous
chapters. However, the effects of the alkyl substitution are twofold. It first modifies the
electronic distribution within Pc, which in turn alters the NH---N distance. Second, the
substitution lowers the overall symmetry of the system and introduces additional frequency
modes. To disentangle the electronic from nuclear effects in the consequences of outer rim
substitution on proton tunneling, the effect of weak perturbations brought about by
hydrogen/deuterium substitution on the outer rim of the porphycene macrocycle has been studied
and is reported in this chapter . Full substitution of the outer rim results in Pc-d;,, which retains
the C,, symmetry of Pc. However, vibrational modifications due to deuteration may lead to a
change in the coupling schemes between the reaction coordinates and the other modes. Partial
deuteration of the outer rim results in various Pc-d;; or Pc-d;y species. Most of them undergo
small deviations from the symmetrical double minimum character of the potential that governs
tautomerization in Pc.

The main purpose of this work was to study the effects of these weak structural changes on
double hydrogen tunneling, a phenomenon which can be extremely sensitive even to weak
perturbations. We show that the replacement of peripheral protons by deuterons does not
significantly affect the tunneling splitting values observed for the 0-0 transition and for the
progression of the tautomerization-promoting 2A, mode. On the other hand, a change in the form
of another mode, 4A,, caused by deuteration, transforms this vibration from being neutral to
tautomerization-enhancing.
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5. 1 Computational results

The assignment of the bands observed in the LIF excitation spectrum near the 0-0 transition of
Pc-dnmix 1s challenging (section 5.2), due to the possibility of partial deuteration at different
positions and the associated slight shifts in absorption. Therefore, except for Pc-d;», it is not an
easy task to attribute the bands to specific isotopologues. In order to tackle this challenge, Sy and
S| geometry optimizations and frequency calculations have been carried out for (i) Pc and Pc-d»,
where all the rim hydrogens are substituted with deuterium, (ii) x-Pc-d;;, where all the outer rim
hydrogens except at position x ( x= m/ml/ e/el/ ee or eel, see scheme 1, chapter 1) are
exchanged by deuteriums, and (iii) Pc-ds, where all skeletal hydrogens except those at the meso-
positions are deuterated.

The calculated harmonic frequencies have been used to determine the Zero-Point-Energy (ZPE)
values in Sy and S;, denoted as ZPE (Sy) and ZPE(S,) in Table 5.1. The isotopic shift AE( of the
electronic transition is the modification of the difference between ZPE(S)) and ZPE(S;) by
deuteration. For the sake of comparison with the experimental results, Table 5.1 also gives the
isotopic shift relative to Pc-dj,. The experimentally determined position of the 0-0 transition of
Pc-d;, (section 5.2) was used to find a common vibrational scaling factor for the S; state of
various isotopologuess in such a way that the calculations reproduce the experimental shift for
Pc-d,; relative to parent Pc. Then, the same scaling factor was applied to the other isotopologues.

Table 5.1 shows that different x-Pc-d;; species introduce different shifts relative to Pc.
Comparison of the 0-0 transition energies of x-Pc-d;; and Pc-d;; provides a more clearcut picture
regarding the contribution of each x position to the shift (column 5). The structures m/m1, e/el,
and ee/eel of the Pc-d;; species can be treated as tunneling tautomeric pairs and the expected
shift of the 0-0 transition can be considered as the average of each pair. Therefore, deuteration in
the m/m1 position is expected to introduce an average experimental shift of 3.9 cm’l, while
deuteration at e/el and ee/eel positions introduce an average shift of 2.45 and 1.8 cm™ relative to
Pc-d,,, respectively. It is also evident from the calculations that each tunneling tautomer of Pc-
d;; has asymmetric zero-point energies in a symmetric double minimum potential (within BO
approximation) which is also a critical parameter in affecting tunneling splitting. The asymmetry
is the largest (5.6 cm™) for the ee/eel pair and the smallest (1.5 cm™) for the m/m1 pair in the
ground electronic state.

Exchange of the cavity NH hydrogens with deuterium is predicted to cause a red shift of about
1.6 and 3.3 cm™ for single and double deuteration both in Pc and Pc-d;». Although in the right
direction, the calculations underestimate the experimental red shifts of about 24 and 44 cm™ for

single and double internal NH/ND hydrogen/deuterium exchange in Pc, respectively. *>'°!
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Table 5.1 Zero-point energies ZPE (Sy) ZPE (S;) and 0-0 electronic transition shifts relative to
that of Pc (AEg.) or Pc-dj» (AEg vs Pc-dj») of porphycene isotopomers calculated using TD
(DFT)/B3LYP/6-31+G(d, p). The Sy and S; scaling factors amount to 0.964 and 0.9633,
respectively.

~ ~ = g
4 3 < 2 5 s =
= 2
Pc
NHNH | 18527691 183.31200
NHND | 183.17890 181.20757 -1.6
NDND | 181.08082 179.10307 -33
Pc-dy,
NHNH 160.77122 158.88555 32.7
NHND | 158.67261 156.78049 31.0 1.7
NDND | 156.57393 154.67537 29.4 33
Pc-dg
169.11128 167.18513 ‘ 17.0 ‘ -15.7
Pe-dy;
m 162.85452 160.96242 30.0 2.7
ml 162.85893 160.96970 276 5.1
e 162.79820 160.90704 30.4 23
el 162.78547 160.89350 30.0 2.7
ee 162.80146 160.91125 30.7 2.0
eel 162.78473 160.89585 311 -1.6

5.2 LIF excitation spectrum

LIF excitation spectra of pure Pc and Pc-d,ix isolated in supersonic jet using laser desorption are
presented in Figures 5.2 a and 5.2 b, respectively. Comparison of the two spectra shows that they
generally exhibit a similar pattern in the low frequency region. The absence of bands due to
undeuterated Pc in the spectrum of Pc-dpix 1s in accordance with mass spectrometry analysis and
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confirms the efficiency of the procedure used here. The narrow and most blue-shifted intense
band at 16210.2 cm” was assigned to the transition origin of Pc-d;, where all peripheral
hydrogens of porphycene are substituted by deuterons. The blue-shift amounts to 32.7 cm™
relative to the origin of Pc, indicating that lowering of the zero-point energy due to deuteration is
larger in the ground electronic state than in the excited electronic state.

(a) Pc

Fluorescence Intensity (a.u)

16150 16200 16250 16300 16350 16400 16450

Wavenumber (cm'])

Figure 5.2  Laser-induced fluorescence excitation spectra of Pc (a) and Pc-dy;, (b) in
supersonic jet conditions using laser desorption.

Another strong feature is observed with the maximum at 16205.8 cm™ (4.5 cm™ from the origin
of Pc-d;»). The band profile is asymmetric due to the expected heterogeneity of the sample. It is
probably composed not only of the “hot” tunneling component of Pc-d,,, but also of significant
contributions from various isotopic species with smaller mass, such as Pc-d;; and Pc-d;o. An
additional complication is introduced by the presence of tunneling splitting leading to “hot
bands” of electronic transitions belonging to various Pc-d;; and Pc-d;y species. The analysis of
dispersed fluorescence spectra (Section 3.3) measured by excitation at different positions of the
asymmetric feature allowed assigning the positions of the 0-0 transition of Pc-d;; and Pc-d;g at
16205.8 (-4.5 cm™ from the intense band) and 16201.55cm™ (-8.65 cm™ from the intense band),
respectively. Such shifts correlate well with the calculated average shift (-3.9 cm™) caused by the
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lack of deuterium at the m/m1 positions in the rim of Pc-d;;. Similar study on perdeuteration of
porphyrin showed that the hydrogens in the meso positions are facile ') |

A slightly better resolved feature is observed ca. 175 cm™ above the origin. Per analogy to Pc
spectrum, it could be assigned to the 2A, mode. Again, respective assignment of the contributing
isotopic species to the spectral features could be made by a systematic analysis of dispersed
fluorescence spectra obtained by selective excitations, as presented in the next section.
Anticipating these results, the marked positions at 16385.5, 16381.2, and 16377.5 cm™ (where
the latter two bands are located -4.3 cm™ and -8.0 cm™ from the former band, respectively) were
assigned as 2A, mode analogs of Pc-di», Pc-d;; and Pc-djo, respectively. The shifts and
assignments correspond very well to those drawn earlier from the spectral features around 16210
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Figure 5.3 LIF excitation spectrum of jet-cooled Pc-d,, using Ne seeded with D,0 as a carrier
gas (a) and pure Ne without D,0 (b). The partial vapor pressure of D;O in Ne was determined
by thermostated bath kept at 0° C.
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It was also very interesting to check the spectral response of the laser-desorbed sample cooled by
Ne carrier gas with heavy water (D,O) contamination. Figure 5.3a shows the LIF excitation
spectrum of the desorbed sample (Pc-dnix) with heavy water in Ne buffer gas. For comparison,
the LIF spectrum of Pc-dpix in pure Ne gas is shown in Figure 5.3b.

The optimum signal for spectrum (a) is found at a relatively closer laser-to-nozzle distance than
for spectrum (b), which explains a relatively lower signal to noise ratio and a higher background
in spectrum (a). The new transitions around the origin of (a) are marked by Greek letters for
further discussion.

Comparison of Figures 5.3a and b shows the appearance of new bands around 16185 (a’and °)
and 16360 cm™. The first band (o’) is red-shifted by about 25 cm” from the 0-0 transition of Pc-
d>. A similar red shift (about 24 cm™) was observed for parent porphycene when one of the
internal NH hydrogen had been exchanged by deuterium. 'Y Therefore, we assign the band at
16185.4 cm’ (a”) to the 0-0 transition of Pc-d;»+1, where one of the cavity NH hydrogens in Pc-
d;» is replaced by deuterium. It is worth noticing that only a single replacement of deuteron
manifests itself in the spectrum, contrary to the effective single and double deuterium exchange
observed after conventional heating of porphycene sample in an oven before expansion. %3] This
observation can be explained in terms of significantly reduced probability of effective secondary
collisions between D,O and Pc-d;»:; due to a limited time in the collision zone before gas
expansion in the laser desorption regime.

A weaker intensity red shoulder centred at 16182.2 cm™ (B’) was assigned to an overlap of 0-0
transition of various Pc-di+;, where one of the internal NH hydrogens of Pc-d;; is substituted by
deuterium. Similar to Pc-d;,+;, this band is red-shifted by about 24 cm’! from the 0-0 transition of
Pc-d;;. An interesting and expected effect of deuteration of the internal NH hydrogens is a
significant change (by a factor of 2) of the relative intensities of the bands: o/ vs o’/B’. It is
mainly caused by the reduction of tunnelling splitting in Pc-d;,+;, which reduces the contribution
of the “hot band” overlapping with the band of Pc-d;;.

Two other low intensity bands were also observed at 16355.9 and 16361.8 cm™ (Figure 5.3a) and
shifted by about 175 cm™' relative to the bands at 16182.2 and 16185.4 cm™, respectively. These
bands were assigned as 2A, mode analogues of Pc-d+ and Pc-di»+; isotopomers, respectively.
One should notice that the notation 2Ag is correct only for Pc and Pc-di,, as both molecules
belong to the C, point groups, but not quite correct for the other isotopologues, since they have
lower symmetries. The notation is adopted for corresponding modes between parent porphycene
and its isotopologues. The LIF spectrum of Pc-dpix shows close similarity with that of Pc.

Another important result worth noticing is that the LIF spectrum of Pc-dnix in Figure 5.3a is
collected at closer laser-to-nozzle distance relative to that of Figure 5.3b. Comparison of the two
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spectra shows that the intensity ratio o/ in Figure 5.3a is larger than that of Figure 5.3b. The
results shows that the intensity of band [ increases with decreasing laser-to-nozzle distance
indicating its hot nature. Therefore, based on the fact that band B is “hot” and red shifted, along
with the information gathered from dispersed fluorescence studies (section 5.3.1), it is possible to
conclude that the tunneling splitting of the zero level of ground state (Sy) of Pc-d;; is larger than
the tunneling splitting of the zero level of the first excited (S;). Similar behavior was reported for
parent porphycene by Sepiot et.al 1.

LIF spectrum of Pc-dyix was also measured in an extended region (Figure 5.4). The spectrum
shows a more complicated structure around 350 cm™ and assignments of the marked vibronic
bands are given based on single vibronic level fluorescence and theoretical calculations in the
next section.
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Figure 5.4 LIF excitation spectrum of jet-cooled Pc-d,;,. The inset shows the energy profile of
the excitation laser. Note that the LIF excitation spectrum is not normalized with respect to the
laser power.
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5.3 Single vibronic level fluorescence (SVLF) spectra

In this section we present SVLF spectra of porphycene isotopologues obtained for 0-0 band and
higher frequency excitations. Since the 2A, mode is the most tautomerization-promoting mode
for which the largest tunnelling splitting of 12 cm™ is found in the ground state, we exploit this
mode as a probe to see subtle effects brought about by deuteration of outer rim hydrogens.
Deatailed assignment and analysis of SVLF spectra of porphycene isotopologues is presented in
this section.

5.3.1 0-0 Excitation

Dispersed fluorescence spectra resulting from the excitation at 16207.2, 16210.2, 16205.75, and
16201.15 cm™' bands of the LIF excitation spectrum of Pc-dy,x are presented in Figures 5.5 a-d,

respectively. As a reference, dispersed fluorescence spectrum of porphycene obtained for O

excitation is also shown in Figure 5.5e.

A glimpse at the spectra recorded for excitation into the bands at 16210.2 and 16207.2 cm™
(Figures 5.5 a and b) shows that they are identical and typical of the excitation of the two
components of tunnelling doublets. The spectra also exhibit a pattern similar to that of parent
porphycene shown in Figure 5.5e. The 0-0 transition of Pc-d,; is split by the same amount as that
of parent Pc, despite the fact that the zero-point energy is decreased in the former isotopologue.
On the other hand, comparison of the tunnelling splittings for the corresponding 2A, modes
shows only a slight decrease in Pc-dj, (10.7 cm™) compared to parent porphycene (12 cm™).
Therefore, it is possible to deduce that the low frequency 2A, mode, involving the motion of the
internal cavity, is only weakly coupled to the motion of external rim hydrogens. In this respect,
Gawinkowski et. al. 7 have also shown for Pc that the C-H stretching modes of the external
hydrogens are unaffected by deuteration of the cavity NH hydrogens, showing that the motion of
cavity hydrogens is also decoupled from the motion of the external hydrogens. Thus, it is not
surprising to see a similar behaviour for Pc and Pc-d,, with respect to proton tunnelling.

In contrast, the spectra shown in Figures 5.5¢ and d are different from each other and from the
rest of the spectra, confirming excitation of different species. This observation is in line with the
assignment we presented earlier, that the transitions at 16205.75 and 16201.5 cm™ in the LIF
excitation spectrum of Pc-dp,ix (Figure 2b) belong to the 0-0 transitions of Pc-d;; and a set of Pc-
do isotopomers, respectively. It also appears from the spectra in Figures 5.5¢ and d that the 0-0
transitions are broader, with no signature of tunnelling splitting, indicating the effects of
smearing due to the presence of various contributing structures.

A closer look at Figure 5.5¢ shows an interesting feature. The bands at about 170 cm™ appear as
doublets of doublets, contrary to the features observed in Pc and Pc-d;, in which simple doublets
were seen. This result is in line with our earlier assignment that the band at 16205.75 cm™ in
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Figure 5.2b is actually an overlap of two transitions: 0-0 transition of Pc-d;; and the “hot”
tunnelling counterpart of the origin of Pc-d;,. Deconvolution of the peaks at about 170 cm™ of
the dispersed fluorescence spectrum (see Figure 5.6) shows that there are four distinct

transitions. The tunnelling pairs belonging to Pc-d;, are indicated by red arrows, while the blue
arrows indicate the tunnelling pairs belonging to Pc-d;; species.
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Figure 5.5 Dispersed fluorescence spectra of jet-cooled porphycene isotopologues. For clarity,
the intensities of the spectra in the range 100-400 cm™ are magnified 10 times (a-d), while the
spectrum of Pc is magnified 5 times (e).
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Figure 5.6 Portion of dispersed fluorescence emission spectrum resulting from excitation at
16205.75 cm™. Deconvolution of the peaks into bands with Lorentzian line shape shows four
distinct transitions. The pair at 158.1/168.2 cm™ (red) belongs to a tunnelling multiplet of the
244 mode of Pc-d;>, while the doublet at 162/171.3 em™ (blue) belongs to a tunnelling multiplet
in the corresponding transition of Pc-d;.

The results presented in Figure 5.6 show that proton tunnelling is operating in both Pc-d;; and
Pc-d;, isotopomers along this mode. A slight decrease of the tunnelling rate in the former can
tentatively be explained by the lower symmetry of the molecule (Cs).

Figure 5.5d presents dispersed fluorescence (DF) spectrum obtained for excitation at the
16201.55 cm™ peak in the LIF spectrum of Pc-dnix. Even though the resulting DF spectrum
exhibits a crude similarity to the other spectra, one can notice a broad band with some structure
at about 175 cm’™. This band is interpreted as the 2A, analog of various Pc-d;o species. The mode
which appears as a tunnelling multiplet in Pc, Pc-d;» and Pc-d;; now appears as a congested
feature due to overlap of many bands belonging to several Pc-d;o species. This can be understood
if one considers the large number of possible Pc-d;o species formed during the synthesis (see the
experimental section). Thus, it is not surprising to see a broad band with some details. However,
at this point it is not possible to specify which Pc-d,( species are responsible for the spectrum.

98



5.3.2 (0-0) + 126, 131 and 136 cm™ excitation.

Figure 5.7 shows the dispersed fluorescence spectra resulting from the excitation of the low
frequency bands observed at 126, 131 and 136 cm™ from the origin (see Figure 5.4). The spectra
show very simple patterns. They are dominated by a prominent v} band acting as a pseudo origin
for a 0-0 type emission.

Figure 5.7 (a) shows the dispersed fluorescence resulting from the excitation of the band at 126
cm'. The fluorescence spectrum is dominated by the v1 transition at 131 cm™. Theoretical
calculations (see Table 5.2) for Pc-d,, predict vibrational frequencies at 124 and 126 cm™! in the
Siand Sy states, respectively, for a mode of B, symmetry. Therefore the band at 126 cm™ in the
LIF spectrum and the band at 13lcm™ in the dispersed fluorescence are assigned to this 2B,
mode in the S; and Sy states, respectively. It is to be noted that 2B, mode is not active in the
dispersed fluorescence spectrum resulting from the excitation of the origin bands of any of Pc-
dmix Species.
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Figure 5.7 Dispersed fluorescence spectra obtained via excitation of low frequency bands: (a)
126 em™, (b) 131 em™ and (c) 136em™. Note that the intensity of the bands above 300 cm™ are
magnified ten times.
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Figure 5.7 (b) and (c) show dispersed fluorescence spectra resulting from the excitation of the
band at 131 and 136 cm™. The spectra are dominated by a v transition at 132 and 136 cm™,
respectively. As described for the spectrum shown in Figure 5.7 (a), the v} acts as an origin for
a vibrational progression built on the 2A, mode. The first member of this progression is split by
8 cm™'. By analyzing the spectra in Figure 5.7 (b) and (c) in the same way as before, we conclude
that the bands at 131 and 136 ¢cm’' in the LIF spectrum of Pc-dy,ix are the two members of a
tunneling doublet. Due to the larger population of the lower (+) level, which results in higher
emission intensity, we will base our assignment on the spectrum of Figure 5.7 (¢).

The spectrum of Figure 5.7 (c) is dominated by the v} transition at 136 cm™. Theoretical
calculations (see Table 5.2) for Pc-di, predict a mode of A, symmetry with vibrational
frequencies of 139 and 142 cm™ in the S; and S, states, respectively. Therefore the band at 136
cm’”’ both in the LIF and the dispersed fluorescence spectra is assigned to the 1A mode in the S;
and Sy electronic states, respectively. The doublet at 311/319 cm™ is assigned to the 1A, + 2A,
combination mode.

From the perspective of ground state proton tunneling dynamics in Pc-d;,, the 1Ag1 and 2Bg1
transitions do not show tunneling splitting. Moreover, the 1Agi ZAg(l) or ZBgi 2Ag transitions
1

show a decrease of the tunneling splitting relative to the 2Ag(1) transition from about 12 cm™ to

about 8 cm™'. This shows the proton tunneling inhibiting nature of the modes. Similar inhibiting
characteristics for these modes is also reported for parent porphycene ' %!,

5.3.3 (0-0) + 24, excitation

Dispersed fluorescence spectra of porphycene and its isotopomers obtained by excitation of the
2A, mode (0+175cm™) are presented in Figures 5.8 a-e. The spectra are dominated by
progressions of the 2A, mode in the ground state.

Figure 5.8a shows the DF spectrum of the parent porphycene. Two high intensity pairs of
doublets are observed at 164/177 cm™ and 351/373 cm’™. These pairs were already assigned [100]
as 2Ag: and 2Ag12m0des. Dispersed fluorescence spectrum of Pc-dj; obtained by excitation of

2A, is presented in Figure 5.8b. Similar to porphycene, two pairs of doublets are observed at
158.5/170 cm™ and 342.5/364 cm™, with tunnelling splittings of 11.5 and 21.5 cm™, respectively.
These pairs of bands are assigned as 2Ag1 and 2Ag12transitions of Pc-d;,. It will be shown below

that each of these multiplets is found to respond to deuteration of cavity NH hydrogens. Apart
from a slight difference in the tunnelling splitting value in Pc-d;,, the spectrum shows a pattern
similar to that of parent porphycene. Comparison of Figures 5.8 b and ¢ shows that the spectra
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are identical, typical of excitation of tunnelling doublets. Therefore the bands at 16385.5 and
16382.8 cm™ belong to 2Ag:)*+ and 2Ag:): transitions in the LIF spectrum of Pc-d;, (Figure

5.2b). The results also show that tunnelling splitting increases with vibronic progressions of 2A,
mode both in Pc-dj, and Pc-d;; in the ground state, however not linearly. A similar result was
already reported for Pc. "% Further, there is no significant difference in tunnelling splitting
between the two isotopomers along this mode.
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Figure 5.8 Dispersed fluorescence spectrum of Pc-d,; obtained by excitation into 2Ag:)

transition of respective isotopomers in supersonic jet.
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On the other hand, the DF spectrum resulting from the excitation at 16381.2cm™ (Figure 5.8 d)
shows a dramatic difference with respect to both Pc and Pc-d;;. Around 170 cm'l, doublets of
doublets are observed instead of a single doublet, similarly to the case we have seen earlier
(Figure 5.8 c). Additional doublets of doublets are also observed centered at 350 cm™, again with
a dramatic increase in tunnelling splitting. Deconvolution of the transitions around 170 and 350
cm’' shows four distinct transitions in each position (Figure 5.9).
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Figure 5.9 Portions of DF fluorescence spectrum of Pc-dy. obtained by excitation at 16381.2
em™ and respective multiple Lorentzian fits.

It can be deduced from the results that the excitation at 16381.2 cm™ reveals an overlap of two
transitions, one corresponding to the 2Agg transition of Pc-d;; and the other to the “hot”

tunnelling counterpart of the 24 g; transition of Pc-d».
More dramatic spectral change is observed for excitation at 16377.5 cm™ (Figure 5.8 ¢). A single
broad peak appears around 170 cm™, while a broad band occurs around 330 cm™ with some

structural details. The band broadening and lack of tunnelling splitting features could be
explained by the presence of several Pc-d;( species formed during the synthesis.
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5.3.4 (0-0) +24, excitation: response to NH /ND exchange in the internal cavity

As the decrease of the splitting of vibronic levels due to internal NH/ND exchange was
delivering a direct proof of hydrogen tunnelling in porphycene, [*'°" we present in Figures 5.10
a-d the dispersed fluorescence spectra of Pc-d;, / Pc-dj»+1, and Pc-d;; /Pc-d; 1+ pairs obtained via
2Ag1} excitation of the respective isotopologues.
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Figure 5.10 Dispersed fluorescence spectrum of Pc-d;; (a), Pc-d;;+; (b), Pc-d;; (c) and Pc-d;;+;
(d) via excitation of the 245 modes.

Comparison of Figure 5.10a and b shows that the splitting of the 2 Agi transition vanishes upon
deuteration of one of the exchangeable NH hydrogens in Pc-d;,, whereas for the 2Ag12 transition

the value of tunnelling splitting decreases from about 20 cm™ in Pc-dj; to 4.5 cm™ in Pe-d o1,
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confirming that the origin of the doublets is tunnelling. On the other hand, comparison of Figures
5.10 c and d shows that the doublets in Pc-d;; are collapsed to a single broad band as a result of
deuteration of one of the internal hydrogens in Pc-d;;+;. The results of this experiment clearly
confirm proton tunnelling both in Pc-d;; and Pc-d;; isotopologues.

5.3.5 (0-0) + 317 and 321 cm™ excitations

Figure 5.11 shows dispersed fluorescence spectra resulting from the excitation of the low
frequency bands at 317 and 321 cm’' from the LIF excitation spectrum of Pc-dpx.
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Figure 5.11 Dispersed fluorescence spectra obtained via excitation of low frequency bands. (a)
317 em™ and (b) 321cm . Note that the intensity of the bands above 450 cm™ are magnified five
times.

The spectra shown in Figure 5.11 (a) and (b) have similar patterns, except a shoulder in the low-
energy part of the vibronic bands in Figure 5.11 (a). This shoulder could result from co-
excitation of the close-lying vibronic band at 319 cm™. The fluorescence spectrum in
Figure 5.11 (b) shows better resolution and the assignment of the observed vibronic transitions
will be based on the latter. The spectrum is dominated by an asymmetric vibronic transition at
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325 ecm™ with a shoulder at 329 cm™. Theoretical calculations predict an A, mode with
frequencies of 316 and 319 cm™ in the S; and Sy states, respectively. Therefore, the bands at 321
cm” in the LIF spectrum and at 325 cm™ in the dispersed fluorescence spectrum are assigned to
the 3Aq modes in the S; and Sy states of Pc-d;,, respectively. The doublets at 492 and 503 cm’!

are assigned to the 3Ag% 2Ag(1) transition. Similarly, the band at 321 cm™ in figure 5.11 (a) is
assigned to the 3Ag% transition while the doublets at 489 and 500 cm™ are assigned to 3Ag% 2Ag(1’

combination.

The 3A, mode is split by about 4 cm™ in the ground state. However, the doublets are barely
resolved because of the limited resolution of our spectrometer (about 3 cm™); instead the
splitting is estimated from the asymmetry of the band at 325 cm™ in Figure 5.11 (b). The
splitting of this band is comparable to that observed for the origin transition. Moreover, the 3Ag%
ZAgg transition shows tunneling splitting (11 cm™) similar to that of the promoting 2A, mode (12
cm™). These observations suggest that 3A,; mode is a neutral mode, in a sense that it is neither
proton tunneling inhibiting nor promoting mode. This mode is also reported to be neutral in
parent porphycene "' .

5.3.6 (0-0) + 335, 340, 343, 346, 351 and 356 cm™ excitations

The LIF excitation spectrum of Pc-d,ix shows a complicated structure at about 340 cm™ above
the 0-0 transition (see Figure 5.4). There are at least six vibronic transitions in the range between
335 and 360 cm™, which makes the assignment difficult from the LIF excitation spectrum alone.
Therefore, we have measured the single vibronic level fluorescence spectra resulting from the
excitation of each band in the specified region. The results are presented in Figure 5.12 (a)-(f).

Figure 5.12 (a) shows the dispersed fluorescence spectrum resulting from the excitation of the
band at 335 cm™ in the LIF spectrum. The dispersed fluorescence spectrum is dominated by the
v transition at about 350 cm™, which is split by 9 cm™. Theoretical calculations for Pc-d;,
predict vibrational frequencies of A, symmetries at 335 and 339 ecm™ in the S; and Sy states,
respectively. Moreover, the experimental and calculated frequency shifts of the mode between
the excited state and the ground state, i.e. V(S1-So)expt and V(S1-So)catcul agree with the assignment
(see Table 5.2). Further, comparison of the isotopic shifts of the modes between parent
porphycene and Pc-d;, show a good agreement both in the Sy and S; states (see Table 5.3). Based
on the analysis given, the band at 335 cm™ in the LIF excitation spectrum and the doublets
around 350 cm™ in the dispersed fluorescence spectrum are assigned to the 4A, modes of Pc-di»
in the S; and S states, respectively.
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Figure 5.12 Dispersed fluorescence spectra obtained via excitation of low frequency bands
around 340 cm™ in the LIF excitation spectrum of Pc-d,;, the excitation positions are indicated
for each spectrum. Note that the intensity of the bands above 450 cm™ are magnified three times.
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A glimpse at Figure 5.12 shows that the spectra (a) and (b) have similar patterns, including
splitting and band widths of their v} transition. Therefore, we can anticipate that the bands at 335
and 340 cm™ are the two members of a tunneling doublet. Hence, the band at 335 cm™ is
assigned to the 4A, transition while the band at 340 cm’ corresponds to 4Agi.

Figure 5.12 (c) shows the dispersed fluorescence spectrum resulting from the excitation of the
band at 343 cm™ in the LIF spectrum. It shows a more complicated pattern in the region of the
v} transition. One possible reason for that could arise from the excitation of two different
overlapping transitions. Comparison of Figures 5.12 (b), (¢) and (d) shows that the complicated
pattern in (c) can be explained by a superposition of (b) and (d) spectra. A “(b)” like spectrum is
expected if one considers the possible excitation of 4A, mode of Pc-d;; at about 343 cm™ in the
LIF spectrum. This consideration is plausible, as we have already seen contribution of Pc-d;;
isotopologue near the 0-0 transition and more active 2A, mode in the LIF excitation spectrum.
The assignment of the second “(d)” like spectrum is differed for the time being until the
assignment of the spectrum in Figure 5.12 (d).

Figure 5.12 (d) shows the dispersed fluorescence resulting from the excitation of the band at 346
cm™'. The spectrum is dominated by the v% transition at 362 cm™'. Calculations for Pc-d;, predict
a B, vibrational mode with frequencies of 320 and 350 cm™ in the S;and S, states, respectively.
Therefore, we assign this band to 5B,. The experimental and calculated frequency shifts of the
mode between the excited state and the ground state, i.e. V(S1-So)expt and V(S1-So)calcul agree with
the assignment (see Table 5.1). Moreover, comparison of the isotopic shifts of the modes
between parent porphycene and Pc-d;, show a good agreement both in the Sy and S; states (see
Table 5.3).

One has to remember that all the vibronic transitions of Pc-d;, appear as doublets in the LIF
spectrum, with tunneling splitting of about 4 cm™. Therefore, one expects to find the other
tunneling component of the 5B, mode of Pc-d;, in the LIF spectrum within +4 cm’™’ of the 346
cm” band. Figure 5.12 (e) shows dispersed fluorescence spectrum resulting from the excitation
of the band at 351 cm™ (+5 cm™ from the 346 cm™ band). Comparison of Figures 5.12 (d) and
(e) shows the spectra are due to excitation of different vibrations. Therefore, the band at 351 cm’
cannot be the tunneling counterpart of that at 346 cm™. This will lead us to the conclusion that
the band at 346 cm™ in the LIF excitation spectrum is the SBgI transition of Pc-dis.

Consequently, the 5B, transition of Pc-d;, should be found at 342 cm’™. This will lead us to the

reexamination of the fluorescence spectrum shown in Figure 5.12 (c), which contains a
contribution from excitation of the “hot” tunneling component of 5B, mode of Pc-dj». This
assignment therefore explains the nature of the complicated spectral feature in Figure 5.12 (c),
which results from co-excitation of the 4A, mode of Pc-d;; and SBg: mode of Pc-di».
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Figure 5.12 (f) shows the dispersed fluorescence resulting from the excitation of the band at 356

cm™. It is dominated by the v} transition origin at 388 cm™. Theoretical calculations for Pc-d;,

do not predict any fundamental transition of A, or B, symmetry at 356 ecm™ in the excited S,
state and at 388 cm™ in the Sy state. However, two weak intensity doublets separated by 11cm™
are also observed. These doublets are found at about 180 cm™ from the origin. This observation
leads us to suppose that the spectrum origin might be a 2A, + 2x1B, combination band. As
shown in Table 5.2, the experimental and calculated frequency shifts of the mode between the
excited state and the ground state, ie. V(Si-So)expt and V(Si-So)cacur agree well with this
assignment.

TABLE 5.2. Ground (Sy) and excited state (S,) vibrational frequencies of Pc-d;; obtained from
LIF and SVL fluorescence spectra.

v(S) vy |v(ES) v (S,) expt vi(Sy) | v(Sy) v(S;-Sy) | v (S, | V(S-S cale | Assignment
expt calc calc Pc-d;, calc calc expt- -S,) | scaled
Pc-dj; Pc-dj; Pc-dj; Pc-d;, Pc-d;, calc
scaled (*) scaled
(**)
126 129 124 131 131 126 -5 -2 -2 2B,
131 144 139 132 147 142 -1 -3 -3 1A, --
136 144 139 136 147 142 0 -3 -3 1A, ++
171 172 166 163/175 180 174 +2 -8 -8 2A, -
(mean=169)
175 172 166 158/170 180 174 +11 -8 -8 2A
(mean=164)
317 328 316 321 331 319 -4 -4 -3 3A, -
321 328 316 325 331 319 -4 -4 -3 3A, ++
335 348 335 343/352 352 339 -12.5 -4 -4 4A, --
(mean=347.5)
340 348 335 345/353 352 339 -9 -4 -4 4A, ++
(mean=349)
343 332 320 347/357 363 350 -20 -31 -20 (5Bg--) +
363 “4A,” of
PC-d11
346 332 320 362 363 350 -16 -31 -20 5B, ++
351 345 332 364 361 348 -13 -16 -16 2 x2A,(?77)
356 378 364 388 405 390 -32 =27 -26 2A,
+2x1B,

(*) TD-B3LYP/6-31+G (d, p), Scaling factor 0.9633

(**) B3LYP/6-31+G (d, p), Scaling factor 0.9640

V (S1-So)expt : the experimental frequency shift of a mode between the excited (S;) and ground (Sy) electronic states.

v (S1-So)calc : Calculated frequency shift of a mode between the excited (S;) and ground (S,) electronic states.
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TABLE 5.3. Experimental and calculated isotopic shifts of the low frequency vibrations of Pc

and Pc-ds
v (S) v (Sy) v (Sh) v (S1) av(Sy) | 4v(Sy) v (So) expt v (So) v (So) expt v (So) Av (Sg) | 4v(Sy) | Assignment
expt calc expt calc expt Calc Pc-d12 calc Pc calc expt Calc
Pc-d12 | scaled Pc scaled scaled scaled scaled scaled
Pc-d12 Pc Pc-d12 Pc
91 99 112 107 221 -8 112 108 117/121 117 -7 -9 1Bgt++
(mean=119)
126 124 136 130 -10 -6 131 126 135/140 131 -7 -5 2B,
(mean=138)
131 139 139 141 -8 -2 132 142 145 145 -13 -3 1Ag--
136 139 144 141 -8 -2 136 142 145 145 -9 -3 1Ag++
171 166 179 170 -8 -4 163/175 174 169/181 177 -6 -3 2Ag--
(mean=169) (mean=175)
175 166 184 170 -9 -4 158/170 174 174/186 177 -16 -3 2Agtt
(mean=164) (mean=180)
317 316 335 328 -18 -12 321 319 335/340 334 -17 -15 3Ag--
(mean=338)
321 316 339 328 -18 -12 325 319 337/341 334 -14 -15 3Ag++
(mean=339)
335 335 360 354 -25 -19 343/352 339 357/362 357 -12 -18 4Ag--
(mean=348) (mean=360)
340 335 364 354 -24 -19 345/353 339 361/364 357 -14 -18 4Ag++
(mean=349) (mean=363)
343 320 395 349 -52 -29 347/357 350 399 386 -36 -36 (5Bg--) +t4Ag
363 pedl1
346 320 400 349 -54 -29 362 350 398 386 -36 -36 5Bg++
351 332 362 339 -11 -7 364 348 345/364 355 +9 -7 2 x2Ag++
(mean=355)
356 364 398 383 -42 -19 388 390 411/418 411 -27 221 2Ag +2x1Bgt+
(mean=415)

Av (S;) denotes the isotopic shift between analogous modes of Pc-d;, and Pc in the excited S; state.

Av (Sy) denotes the isotopic shift between analogous modes of Pc-d;, and Pc in the ground state.

Experimental data from Single Molecule Surface Enhanced Resonance Raman Spectroscopy (SM-SERRS) study
(S.Gawinkowski, M. Pszona, S. Gorski and J. Waluk, Poster presentation) predict isotopic shifts of -4, -16 and -18
cm” between Pc-d, and Pc for 2A,, 3A, and 4A, modes in the ground state.” The predictions are in good agreement

with our results considering the differences in the techniques.
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5.3.7 (0-0) +44, excitation: “Reversed” isotopic effect

Figures 5.13 a-c present the comparison of DF spectra of Pc-dy,ix obtained by excitation of the
bands at 16550 (a) and 16545.4 cm” (b) with that of Pc (c, 4Ag; excitation).

An interesting isotopic effect is observed while comparing tunnelling splittings in Pc and Pc-d;,
for the 4A, mode in the ground state. This mode is identified as neutral, neither proton tunnelling

promoting nor inhibiting in porphycene, (100,101

] with the tunnelling splitting of 4.5 cm™ similar to

the splitting of the vibrationless level of the ground state. Surprisingly, however, the tunnelling
splitting of this mode in Pc-d,; is found to be twice as large as in Pc in the ground state.

16500

Fluorescence Intensity (a.u)
1

4.5

| I

0 100 200 300 400 500 600 700

——

wavenumber (cm’l)

16550

16600

Figure 5.13 Dispersed fluorescence spectrum of (a) Pc-d;, 4/1;)+ excitation at 16550 cm™

(asterisk), (b) Pc-d;,, 4Ag1)__ excitation at 16545.4 em™ (dot); (c) Pc, 4Ag:; exci

tation. The inset

shows part of the LIF spectrum of Pc-d,,;, and the asterisk and the dot show the position of the

tunnelling doublet of the 44, mode of Pc-d.
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The increase in tunnelling splitting in Pc-d;,, at first surprising and contrary to the expectation,
could be explained when analysing the displacement vectors of the mode in the deuterated
species. Figures 5.14a and b show the displacement vectors of the 4A, mode in Pc and Pc-d;» in
the ground state.

Fig 5.14 Displacement vectors of the 44, normal mode of Pc (a) and Pc-d,, (b) obtained using
DFT B3LYP/6-31+G(d, p).

It is evident that in Pc only the skeletal hydrogens reveal significant displacement, while in Pc-
d;, there is also a significant displacement of the cavity nitrogens and the inner hydrogens in
addition to the skeletal hydrogens. This results in modification of the NH---N distance in Pc-d;»,
but not in Pc upon excitation of the 4A, mode. Therefore, the increase in the tunnelling splitting
of the 4A, mode in Pc-d;» can be ascribed to modification of the NH---N distance. This finding
shows that deuteration affects not only the frequency of vibrations, but also the nature of
displacement vectors of some modes, as already calculated for free base porphyrin. !'**! Such an
effect was also observed in deuterated tropolones (TRN), where the tunnelling splitting in mode

vi3 of 5D-TRN is larger than the corresponding mode in the parent TRN. !
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5.4 Conclusions

LIF and SVLF measurements, in combination with quantum chemical calculations were applied
to investigate heterogenous, deuterated Pc samples (Pc-dyix) with prevailing contribution of Pc-
dj>. Comparison of Pc-dj, with parent undeuterated porphycene reveals similar spectroscopic
features in the two isotopologues. Comparable tunneling splittings are observed both for 0-0
transition and for the most tautomerization-promoting 2A, mode. Slightly smaller values of
tunneling splitting are observed for 2A, in Pc-dj>. One could thus conclude that the CH-
involving vibrations do not effectively couple to the hydrogen transfer potential. Deuteration,
however, can lead to a change in the form of other normal modes, as demonstrated by the
interesting isotopic effect observed via comparison of 4A, modes of Pc and Pc-dj>. The 4A,
mode is known to be a neutral one in Pc, i.e., exhibiting similar value of the splitting as the 0-0
transition. However, in Pc-d;,, this mode shows twice the value of the tunneling splitting in 0-0.
This observation was explained in terms of the modification of the displacement vectors of the
4A, mode upon deuteration, which, in turn, increases the coupling to the reaction coordinate. The
4A, mode, neutral in undeuterated Pc, becomes tautomerization-promoting in Pc-d;,. This
finding opens new perspectives for the studies of other porphycene isotopologues, e.g., those
with °N.

Comparison of the spectra of Pc with those of x-Pc-d;; and Pc-d, species revealed similarities as
well as differences. Broadening instead of splitting in the 0-0 transitions of the latter two species,
both in the LIF and DF spectra, can be a result of large heterogeneity of the isotopomers. On the
other hand, similar tunneling splittings are found for Pc, Pc-d;» and x-Pc-d;; along the most
promoting 2A, mode.

Successful measurements of the LIF and DF spectra of Pc and its isotopologues isolated in
supersonic jet using laser desorption shows that this technique is promising for the study of
proton tunneling in derivatives of porphycene which were previously inaccessible with
conventional heating techniques, either due to high melting points of the derivatives or to
uncontrolled reactions in the furnace as a result of high temperature. Our results also demonstrate
the potential of supersonic jet spectroscopy for the analysis of heterogeneous samples, consisting
of isotopologues which are extremely difficult to separate by other methods.

112



Chapter Six

Spectroscopic study of jet-cooled selected porphycene derivatives

It has been shown in the previous chapters that proton tunneling in porphycene is sensitive for
isotopic substitutions of the internal NH hydrogens. It has been also stated that alkyl substitution
of external C-H hydrogens have dramatic effects on the tunneling rate and/or mechanism
(chapter 1). In this chapter, the results of LIF and dispersed fluorescence spectra of 2,7,12,17-
tetra-tert-butylporphycene (TTPC) (Scheme 6.1a) and 2,7,12,17-tetraphenylporphycene (TPPO)
(scheme 6.1b) are presented. The effect of alkyl or aryl substitution is twofold: On one hand, it
modifies the electronic distribution within porphycene which in turn alters the NH:--N distance
and on the other hand, the substitution lowers the overall symmetry of the system and introduces
additional frequency modes. Therefore, such modifications represent more stringent electronic
and structural perturbations.

. Nz
4 H |
H
NN N—
A |\

(a) (b)

Scheme 6.1 Structural formula of 2,7,12, 17-tetra-tert-butylporphycene (TTPC) (a) and
2,7,12,17-tetraphenylporphycene (TPP0).
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6.1 LIF excitation and dispersed fluorescence spectra of TTPC

Although the LIF excitation spectrum of TTPC was first measured by Nosenko et.al "* in a
conventional supersonic-jet, the sample was measured again in a supersonic jet conditions using

both conventional heating and laser desorption method in the low frequency region (Figure 6.1).
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Figure 6.1 LIF excitation spectrum of TTPC in supersonic jet condition using conventional
heating oven (black) and laser desorption (red) presented as mirror reflection for easier
comparison. The position of band A was chosen as a reference position for other bands.
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Comparison of the two spectra brought surprising results. Similar to the results of Nosenko et.al
(1961 four transitions were observed near the origin when using a sample in a heated oven while
only two strong transitions were observed when using laser desorption technique. The most
intense band (B) and smaller intensity band (D) were observed only in a heated oven. Notice that
a strong vibronic band (E) which was shown to be related to band B via hole burning
spectroscopy is also missing in the spectrum recorded with the laser ablation source. The
difference in the two LIF spectra suggests the reduced number of species cooled by laser
desorption, even though, the cooling process in both technique are equally effective as evidenced
by the similar spectral widths of corresponding bands. It could be inferred from such an
observation that there exist a preferential cooling in laser desorption technique where the
selectivity depends on the relative stability of the structure of the analytes on the desorption
surface. Nosenko et.al !'** deduced from hole burning experiment that the strong bands A and B
belong to origin bands of different conformers. Further, they have demonstrated the “hot” nature
of band C and suggested that this band might be the “hot” tunneling counterpart of species
represented by A with tunneling splitting of 9.9 cm™. Their suggestion was, however, based on
indirect methods. On the other hand, they did not suggest about the nature of band D. In order to
learn more about these bands, dispersed fluorescence spectra were measured via selective
excitation of the bands A, B, C and D (Figure 6.2).

Excitation of the bands A and C leads to well matched dispersed fluorescence spectra typical for
excitation of tunneling multiplets of a single species. Similar results were found for porphycene
by excitation of tunneling doublets!'®”. Therefore, band C is assigned as “hot” transition
belonging to tunneling doublet of species A. Emission spectrum from excitation of band A
shows clear doublets in the resonance transition separated by about 10 cm™. This value is similar
to the separation of the multiplets in the LIF excitation spectrum showing much greater tunneling
splitting in the S state than in the S; state as suggested by Nosenko et.al. On the other hand, the
emission spectrum from excitation of the bands B and D are different from each other and from
the multiplets. Therefore, one can postulate the presence of three stable conformers, especially at
higher temperature in the oven. On the contrary, in the case of laser desorption, only species A
was observed indicating one stable form in the solid prior to desorption.

Geometry optimization shows that the most stable is the C,, symmetric trans isomer. The second
most stable isomer is actually the cis-tautomer (marked by C,,) which is less stable than the most
stable trans form by 1.5 kcal/mol. There are also other trans isomers of TTPC of which two of
them, marked as C,(2) and Cg; are presented in figure 6.3. They are higher in energy by
approximately 2.7 kcal/mol per every tertbutyl group rotated by 180 deg.

According to the above results, structure C,, (2) lies higher in energy and hence it is less likely to
be formed.
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Assignment of the bands A, B, C and D to specific structures needs comparison of optimized
structures both in the ground and the S; excited state. However, as the excited state calculation is
not yet done, tentative assignment will be given based on indirect methods. The most intense
band in the LIF spectrum (B) could be assigned as the most stable Cy, structure of TTPC. The
lack of tunneling splitting in the origin transition of this species could be accounted by expansion
of the NH...N distance in this isomer (2.667 [&) relative to unsubstituted porphycene (2.663 A).
On the other hand, the tunneling multiplets A and C could be assigned as tunneling tautomers of
the second most stable cis-tautomer (C,y). This assignment is based on the fact that the NH....N
distance in the optimized structure of Cis-C,, isomer is significantly smaller than the
corresponding distance in unsubstituted porphycene (2.626 vs 2.667 A). The decrease in NH...N
distance is expected to result in faster proton tautomerization rate in the C,, TTPC and hence
greater tunneling splitting in the ground state as observed in the experiment (9.9 cm™).
Therefore, the bands A and C in the LIF spectrum are assigned to the Cis-C,, TTPC.
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L
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Figure 6.2 Single vibronic level dispersed fluorescence spectra of TTPC in supersonic jet from
heated oven.
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Figure 6.3. The most stable optimized structures of TTPC obtained using DFT B3LYP/6-31+G(d,
p). The relative energies (in Kcal/ mole) of the isomers are given in parenthesis.

The remaining small intensity and blue shifted band (D) could be assigned as the less stable Cg;
conformer of TTPC. Although this structure has comparable NH...N distance (2.6637 A) to
unsubstituted porphycene (2.6633 2\), it does not show any signature of tunneling splitting. This
observation can be accounted by the decrease in the symmetry of the structure (Cs) which would
result in non- equivalent tunneling tautomers. However, the assignment of band D should be
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taken with care, as there is also a possibility to assign it as a low frequency mode of the other
two stable structures of TTPC. Therefore, hole burning spectral analysis should be done for band
D. Based on the interpretations given above, the following energy diagram is proposed.

/ A
hv 3
Si 7}
hv2 D
A C

Bl w1 / C,
So / CZV

Con hv 3 >hvl> hv2

Figure 6.4 Qualitative representation of the relative energies of the most stable isomers of
TTPC.

One could notice that the LIF excitation spectrum of TTPC using laser desorption method shows
the presence of only one conformer, namely the Cis- C,, structure. This shows that the C2v
structure of TTPC is dominating in the solid sample.

6.2 LIF excitation spectrum of TPP0

As explained in the experimental section, measurement of LIF spectrum of TPPO was not
possible in supersonic-jet set up using conventional heat source because of high sublimation
point (> 300°C) of the sample. Therefore, laser desorption method was applied to vaporize the
sample. Figure 6.5 shows the LIF spectrum of TPPO using laser desorption method.

The LIF spectrum shows non resolved signal centered at about 641 nm, with rather poor signal to
noise ratio. This signal is found to respond to the valve and the desorption laser. This shows that
it was possible to get the sample in to a gas form. However, it was not possible to see discrete
transitions. This might be due to relatively large background pressure (about 10~ mbar) which
might be too much to allow cooling of a floppy molecule like TPPO.

Measurement of the fluorescence lifetime (excitation laser fixed at 643 nm) shows a single
exponential decay with life time of about 10 ns approximately twice shorter than that of
porphycene.
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Figure 6.5 LIF excitation spectrum of TPP0 using laser desorption.
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Figure 6.6 Fluorescence intensity decay profile of TPP0 (excitation 643nm). The inset shows the
fluorescence intensity rise and decay time.
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6.3 Conclusions

LIF and SVLF measurements, in combination with quantum chemical calculations shows the
presence of two trans (of C,, and Cy;) and one Cis (C,y) isomers of TTPC in the supersonic jet
condition. A tunneling splitting of about 10 cm™ is found for the C,, structure while no tunneling
splitting is found for either of the trans isomers. This observation was explained by smaller
NH....N distance in the cis isomer. Comparison of the LIF spectra of TTPC from an oven source
and from ablation brought surprising results. Four transitions were observed near the origin when
using a sample in a heated oven while only two strong transitions were observed when using
laser desorption technique. Therefore, one can postulate the presence of three stable conformers,
especially at higher temperature in the oven whereas in the case of laser desorption, only one
stable form in the solid is transferred to the vapor and hence reduced number of species could be
expected. Our attempt to obtain resolved LIF spectrum of TPPO failed.

The data presented in this chapter are, however, only preliminary and it was not possible to “see”
the nature and contribution of the substituents on the proton transfer dynamics. An extensive
systematic study is required to confirm the tentative assignments and conclusions. Therefore,
single vibronic level fluorescence study of the above derivatives is essential. For TPPO, it might
be necessary to change the carrier gas to Ar to get a better cooling condition.
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Chapter Seven

Summary and outlook

The investigations presented in this thesis, along with previous studies, represent an effort
towards full and accurate characterization of the vibrational modes and proton tunneling
dynamics of porphycene. Spectroscopic studies of porphycene isotopologues and some selected
derivatives were also performed in supersonic-jet conditions.

Laser induced fluorescence (LIF) excitation near a saturation regime, hole burning spectroscopy,
and extensive single vibronic level (SVL) dispersed fluorescence measurements of jet-cooled
porphycene, along with quantum chemical calculations, were carried out. Consequently, precise
assignments of the bands observed in the Sy and S, states of porphycene have been proposed. It
was also possible to demonstrate, explicitly, the multidimensional nature of proton tunneling and
the importance of mode-coupling in influencing this process, for different fundamentals,
progressions and combinations of vibronic transitions exhibit different values of tunneling
splitting. The values of tunneling splitting along the progressions of 2A, mode were found to
increase with the vibrational quantum number in the S, state. For several cases, however,
coupling of the 2A, mode with other vibrations was observed, and led to the lowering of
tunneling splitting. In most cases, the dispersed fluorescence spectra resultant from the excitation
of tunneling doublets show similar features. Our single vibronic level fluorescence study also
shows that intramolecular vibrational energy redistribution (IVR) contributes significantly in
relaxation of the S; sublevels bearing the vibrational energy in excess of 800 cm™.

An analytical function based on symmetric mode coupling (SMC) model was applied to map a
two-dimensional potential energy surface of porphycene, where N-H stretch is considered as the
tunneling coordinate, while the low frequency 2A, mode is an assisting mode. The measured
values of tunneling splitting were well reproduced by this model. The results of the study show
that 2A, mode is indeed a promoting mode assisting proton tunneling in porphycene by
decreasing the energy barrier.

The study was extended to investigate heterogeneous, perdeuterated Pc samples (Pc-dpix) with
prevailing contribution of Pc-d;», in order to see the effect of a weak structural perturbation on
the proton transfer dynamics. This study, performed using laser desorption as the conventional
heating method, posed some difficulties for these delicate systems. Comparison of the DF
spectrum of Pc-d;, with parent, undeuterated porphycene reveals similar spectroscopic features

121



in both isotopologues. One could thus conclude that the CH—involving vibrations do not
effectively couple to the hydrogen transfer potential. The deuteration could, however, modify
some modes, as demonstrated by the interesting isotopic effect observed via comparison of 4A,
modes of Pc and Pc-d;, (see Chapter 5). Consequently, the 4A, mode, neutral in undeuterated Pc,
becomes a promoting mode in Pc-dj. This finding opens new perspectives for the studies of
other porphycene isotopologues, e.g., the '“N-substituted.

LIF and SVLF measurements of 2,7,12,17-tetra-tert-butylporphycene (TTPc) in the supersonic
jet (with conventional heating) have pointed out, in combination with quantum chemical
calculations, the presence of two Trans- (of C,, and Cs symmetries) and one Cis- (C,,) isomers.
A tunneling splitting of about 10 cm™ was observed and ascribed to the C,, structure, while no
tunneling splitting was observed for either of the trans isomers. This observation was tentatively
explained by smaller NH----N distance in the Cis-isomer. Interestingly, presence of only the Cis-
form of TTPc was manifested in the LIF spectrum measured in a supersonic jet using the laser
desorption method (see Chapter 6).

Although most of the objectives presented in Section 1.4 were successfully addressed, there are
still some questions (born also during the study) which deserve further investigations.
Unexpected and still puzzling was the observation of the tunneling splitting in dispersed
fluorescence spectra, in spite of the excitation of a selected (either +/+ or -/-) tunneling
component known from the LIF excitation spectrum - implying fast relaxation between the states
of different parities. Our attempt to see the NH stretch (30 B, mode) band of porphycene by the
IR/VIS hole-burning measurement in a supersonic jet failed. This is probably due to extensive
coupling of the mode which results in band broadening, as was already suggested by condensed
phase studies. Although we managed to detect fluorescence of 2,7,12,17-tetra-tert-
phenylporphycene (TPPO), attempts to measure a well-resolved LIF spectrum have been
unsuccessful.

The studies presented in this thesis shed light on understanding the double proton tunneling
dynamics of porphycene and its isotopologues. Most importantly, the experimental values of
tunneling splitting reported here for various fundamentals, progressions, and combination modes
could be used as the benchmarks for theoretical modeling of the multidimensional double proton
tunneling in porphycene systems.
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