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ABSTRACT 

Hulkko, Eero 
Spectroscopic signatures as a probe of structure and dynamics in condensed­
phase systems - Studies of iodine and gold ranging from isolated molecules to 
nanoclusters 
Jyvaskyla: University of Jyvaskyla, 2012, p. 69 
(Department of Chemistry, University of Jyvaskyla Research Report 
ISSN 0357-346X; 157) 
ISBN 978-951-39-4839-9 
Diss. 

This thesis focuses on spectroscopic studies of several different iodine- and 
gold-containing molecules, complexes and nanoscopic clusters. The systems 
have been studied in the condensed phase with a wide range of experimental 
and theoretical techniques. 

New spectroscopic signatures have been established for molecular h in 
solid crystalline Xe and for isolated h-Xe-complex in solid Kr by using spectro­
scopic techniques. The vibrational signatures of several neutral (h)n aggregate 
complexes in solid Kr have been identified using Resonance Raman spectrosco­
py. Electronic and vibrational absorption signatures of thiolate-protected gold 
nanocluster Au102(p-MBA)44 have been characterized experimentally from UV­
region to far-IR region in solid and liquid phases. Implications of the spectro­
scopic findings for the dynamical and structural properties of the studied sys­
tems have been argued based on density functional calculations and molecular 
dynamics simulations. 

The new experimental results confirm the predicted electronic state struc­
ture for the Au102(p-MBA)44, and identify the elementary steps of h aggregation 
toward the crystalline phase. The results establish a novel electronic transition 
for the weak van der Waals complex h-Xe in vacuum-UV absorption and sug­
gest a plausible explanation for the origin. The results also reveal a novel spec­
troscopic finding of sharp vibronic B+-+X structures for condensed-phase h. The 
results open several interesting possibilities for additional studies of these sys­
tems. 

Keywords: spectroscopy, condensed phase, matrix-isolation, rare gases, iodine, 
gold, nanoclusters, complexes, dynamics, structure. 
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1 FOREWORD 

Spectroscopy deals with the interaction of light (photons) and matter (mole­
cules or atoms), and, more importantly, what such interactions tell us about the 
matter. Often spectroscopic studies boil down to seeking signatures of matter: 
clear spectroscopic signs that distinguish, say, a molecule, from another type of 
molecule, or the same molecule in two different environments. That is the very 
core theme of this thesis - spectroscopic distinction and definition of simple 
molecules, molecular complexes, and nanoscopic gold clusters and their envi­
ronments in the condensed phase. However, the identification of distinctive 
"bands" in a spectrum (i.e., the spectroscopic signatures) is not the ultimate 
goal of this thesis, even though such information is sometimes crucial. The im­
portant thing is what the signatures can reveal about the structure and the dy­
namics of the system under study- a fact generally recognized very early on in 
the development of molecular spectroscopy according to one of the great pio­
neers in the field, Nobel Laureate Gerhard Herzberg.1 It goes without saying
that the correlations between the observable (spectrum) and the properties of 
the systems become increasingly difficult to establish as the systems become 
larger in size just based on the spectroscopic data. Often the only truly fruitful 
way to proceed is to combine the spectroscopic data with theoretical calcula­
tions - another fact emphasized relatively early on by another pioneer in the 
field, Nobel Laureate Robert Mulliken.2 Such combined approaches of experi­
mental spectroscopy and theoretical calculations are also adopted in many of 
the original publications reported in this thesis. The thesis, however, focuses on 
the experimental results of the publications, for which the Author is mainly re­
sponsible. The results from the theoretical work in previous publications will be 
shown when relevant to the experimental results. 

This thesis discusses four original publications (I-IV) of spectroscopic 
studies of condensed-phase molecular, complex, and thiolate-protected metal 
cluster systems. The studies range from isolated h molecules1 through smalllL 
and mediumIILsized iodine complexes to large nanoscopic gold nanoparticles 
(Au102(p-MBA)44).1Y The approach adopted in this thesis is to start from the
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simplest systems, namely the iodine in solid xenon (Xe),a and then move on to 
more complicated systems. The long-lived electronic coherence and the very 
peculiar nature of h interaction with crystalline solid Xe lattice is dealt with in 
more detail in publication I, establishing the novel observation of vibronic 
structures in B+-+X absorption and emission of h in the condensed phase. Next, 
we will look into the spectroscopic signatures of one of the simplest weakly 
bound van der Waals molecular complexes h-Xe, establishing that clear signa­
tures for this bimolecular system can be observed in the vacuum-UV absorption 
in solid Kr, but, interestingly, not so clearly in the relaxed emission from the 
ion-pair states. Details of this study can be found in publication II. After this we 
will move on to more complicated complex systems and to the signatures of 
neutral iodine clusters (h)n, using the l{esonance Raman technique in solid Kr. 
TI1e theme of publication III is the emergence of bulk-like properties in small 
iodine aggregates. Finally, the thesis examines nanoscopic gold systems. Publi­
cation IV establishes the electronic and vibrational signatures for the pure 
Au102(p-MBA)44 gold nanocluster in the condensed phase. The study experi­
mentally establishes the fundamental electronic shell closure and the opening of 
a HOMO-LUMO band gap for this system. The comparison of thP stnc'liPs from 
publication I to publication IV emphasizes how spectroscopic observables 
change when system size increases from small isolated molecules to large and 
complex systems and from low temperatures to high temperatures. The natural 
consequence of increasing system complexity and temperature is the spectral 
broadening of transitions, and the faster loss of coherence, smearing out spec­
troscopic detail. Nevertheless, important and useful information can be ob­
tained in all cases. 

The rest of this thesis is divided into four chapters: 2. Review of the systems, 
3. Some concepts of condensed-phase spectroscopy, 4. Methodology, and 5. Results and
discussion. Chapter 2 provides brief overviews of the four different systems dis­
cussed in the four original publications (I-IV). The overview provided in Chap­
ter 2 is not intended as an all-inclusive literary review of the systems and their
properties, but merely highlights some properties and previous works that the
Author considers interesting and relevant to the results and discussion present­
ed in Chapter 5. A key system in many of the publications (I-III) is the matrix­
isolated iodine molecule (h). The interaction of "pure" iodine with its environ­
ment is the only subject of the study in publication I, but in other cases (II-III)
the spectroscopic signatures of the complexes are observed in variance to the
spectra of this system. Therefore, the general properties of h are also briefly dis­
cussed in Chapter 2. Current research on thiolate-protected gold nanoparticles
is moving at a tremendous pace. For example, see the two very recent reviews
of the field by Hannu Hakkinen3 and Rongchao Jin et al.4 Chapter 2 therefore
provides only a glimpse of the monolayer-protected gold nanoparticle field
with a direct relevance to the Au102(p-MBA)44.

Chapter 3 describes qualitatively some key concepts and common phe­
nomena that are important in understanding spectroscopic results in the con-

a Which is not actually a very simple system at all, as will be shown later on. 
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<lensed phase, including the concepts of "coherence" and "dephasing"; there is 
also a qualitative overview of phonon coupling in crystalline environments. 
Discussion in Chapter 4 focuses on the technical aspects of the experimental 
techniques used in the publications: namely the matrix isolation of h and its 
complexes, and the sample preparation techniques of Au102{p-MBA)44. The 
spectroscopic techniques used in the publications are only briefly mentioned at 
the end of the chapter. Many of the spectroscopic techniques, such as linear ab­
sorption, are reasonably common tools for chemists, and thus the discussion 
about their properties is mainly technical. 

Chapter 5 concludes the thesis by providing an overview of the key results 
presented in the four original publications. The spectroscopic findings (signa­
tures) are presented first, after which the discussion turns into the significance 
or possible implications of the results. The chapter merely highlights some of 
the key results in publications I-IV. For more details, the reader is directed to 
the four original publications. 
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2 REVIEW OF THE SYSTEMS 

2.1 Molecular iodine (h) 

2..:i.1 iiistory and some general properties of iodine 

Iodine is an element of many fascinating properties. The English word iodine 

comes from the Greek word iodes, meaning "violet-colored" or "violet-like".5 

The English name for the element was originally introduced by Sir Humphry 
Davy,6 one of the discoverers of iodine, along with the French chemist Joseph 
Gay-Lussac.7 However, credit of isolating iodine in the beginning of the nine­
teenth century is usually given to the saltpeter manufacturer and chemist Ber­
nard Courtois.8,9 The name for the heaviest member (M = 126.90 g/mol, Z = 53) 
of the stable halogens is easy to understand simply by observing the beautiful 
intense violet color of the iodine vapor. 

Generally, the properties of iodine are rather well-known; they can be 
found in many chemistry textbooks10 and in Internet sources.11 Despite the fact 
that iodine has been under very intense study throughout the past two centu­
ries, and consequently the accumulated literature regarding this system is simp­
ly immense, this halogen system still continues to interest the researchers in all 
fields of natural sciences. b The catalytic role of iodine in atmospheric chemis­
try,12 high-pressure phases of iodine,13 properties of iodine in nanoporous ma­
terials,14,15 and supramolecular recognition based on halogen bonding16 are just 
few examples of iodine-related research currently of great interest. 

In ambient conditions (T"" 298.15 K, p,., 1 bar) elemental iodine (I) exists as 
a diatomic molecular solid h(s),10 with a notable vapor pressure (p(h) "' 0.30 
Torr17). The schematic crystal structure of solid iodine is depicted in Figure 2-1. 
Iodine forms layered structures perpendicular to the crystal axis direction a.18,19 

The two-dimensional planes in the b-c axis directions are separated by a dis-

b For example, a literature review with the word "iodine" on 1. July 2012 in Sciverse Scopus™ 

reported over 150000 published articles, of which over 2000 just this year. 
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tance of 4.27 A (dashed blue line). Within the layers, the h molecules are or­
dered in zigzag patterns with a shortest intermolecular distance of 3.50 A
(dashed red line). The shortest intermolecular distance in a solid phase is si�f­
icantly shorter than the van der Waals distance of gas-phase h (Rwdw = 3.96 A).20,

21 The bond length of h is extended from the gas-phase ground-state value of 
Re(g) = 2.666 A.22 to Re(s) = 2.715 A.18 in a crystalline environment. The h crystal 
has fairly high lattice energy (-63.5 kJ/mol)23 for a molecular solid, indicating 
much stronger interactions between the molecules than expected for purely 
dispersive attraction. The orthorhombic unit cell of solid h contains two iodine 
atoms and belongs to the C,,,ca space group with D21, symmetry.24 Iodine has a 
much higher conductivity within the b-c layers than it does perpendicular to the 
planes.25 Iodine has a melting point of TJ = 386.8 K and a boiling point of Tb = 

458.4 K.26 The system becomes metallic at a pressure of p"" 16 GPa,27 and shows 
a transition from the molecular phase to the monoatomic phase at p"" 21 GPa.28 

a 

Figure 2-1 The crystal structure of solid h. Crystal axis directions (a,b,c), shortest intermo­
lecular distance (dashed red line), and the distance between the b-c planes (dashed blue 
line) are indicated in the figure. 

Iodine (I), like other halogen atoms, has a partly filled p atomic orbital. The 
ground-state electronic configuration of atomic I consist of fully occupied inner­
core atomic orbitals, identical to a closed-shell Kr atom. The valence consists of 
fully occupied 5s valence orbital and partly filled 5p orbitals ([Kr]5s25p5). The 
molecular orbital (MO) diagram of iodine molecule (h) in the ground electronic 
configuration is presented in Figure 2-2; in the figure, the innermost fully­
occupied MOs have been omitted for clarity. The MO diagram shows how the 
reasonably weak sigma bond, with a bond dissociation enthalpy L1H" = 151 
kJ/mol,26 is formed from the valence electrons in the partially filled 5p orbitals. 
The resulting nominal bond order for the ground-state h is therefore one. 
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Figure 2-2 Molecular orbital diagram of h in the ground electronic configuration. 

The electronic-state structure of iodine, originating from the ground and 
the excited electronic configurations of the molecule, has received considerable 
attention in the gas phase, both experimentally29-36 and theoretically37,38. Much 
of the earlier work on gas-phase iodine has already been reviewed by Mulliken 
in his publication on the electronic state structure and spectroscopy of iodine.31 

Figure 2-3 shows part of the rather complex electronic-state structure of gas­
phase iodine. According to the Mulliken' s classification,31 the neutral electronic 
states of h can be sorted by their dissociation asymptotes to valence states and 
ion-pair states (IP). Iodine has altogether 23 valence states39 and 20 ion-pair 
states35 . The valence states dissociate to two neutral I atoms with electronic term 
values 2P (2P312 = I or 2P112 = I*). The valence states dissociate in three distinct 
asymptotes (I-1, I*-I, I*-1*), which are approximately separated in energy by the 
spin-orbit splitting of iodine atom ("" 7600 cm-1).40 Ten of the valence states, in­
cluding the ground-state X(1Lg(0g

+)), correlate with the lowest dissociation as­
ymptote (1-1). Another set of ten valence states dissociates to the second highest 
asymptote (1-1*), and three repulsive valence states dissociate to the highest en­
ergy limit (l*-I*). The numbers on the right-hand side of Figure 2-3 reflect the 
total number of electronic states correlating with each of the asymptotes, of 
which only a few representative and relevant potentials are shown. 

The IP states have a different character than the valence states. The 20 IP 
states correlate to dissociation asymptotes where the dissociation products are 
ionic: J- (1So) and J+ (1So, 3Po,1,2 1Do). These high-energy states are grouped into
three distinct tiers with 6 IP states on each, and one tier with only two states. 
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Part of the states belonging to the two lowest-energy tiers, the first IP tier ("" 
40000 cm-1) and the second IP tier ( ""47000 cm-1), are represented in Figure 2-3.
The shown IP tiers correlate with the atomic terms I-(1S0)-I+(3Po,1,2).41 In the gas
phase, or in symmetrical solvation environments, the IP states are non-polar 
states because they can be approximately described by symmetrical 
wavefunctions of the general form:42

(2-1) 

This symmetry of the IP state wavefunctions makes the gas-phase IP states es­
sentially neutral states, similarly to lower-energy valence states of h. Electronic 
transitions of iodine molecule follow to large extent the Hund's case c selection 
rules.43 In the case of one-photon electronic transitions, the c-type selection rules 
can be written as 

Llfl = 0, ±1 

U Hg, U 4t U, g ffl g 

(2-2) 

(2-3) 

(2-4) 

i.e., the projection of the total angular momentum along the internuclear axis of
the molecule hQmust remain constant during the electronic transition (M2 = 0)
or differ by one (LIQ= ±1). Generally the h transitions with LIQ= ±1 are approx­
imately two orders of magnitude weaker than the transitions with LIQ= 0.33 The
inversion symmetry of the electronic wavefunctions through the center of the
homonuclear molecule must also change from symmetric (g) to anti-symmetric
(u) in an electronic transition. Also the reflection symmetry through a plane
containing the internuclear axis in L'lQ = 0 transitions must be maintained. For
example, the B(3Ilu(0u

+))�X(1Lg(0g
+)) electronic transition, which produces the

intense violet color of the h(g) molecule, follows these selection rules, even
though the strong transition in visible region (Amax "" 530 nm36) is not formally
allowed by spin-selection rules (LIS = 0).43 Despite the fact that the state struc­
ture of h is well understood, a rather large number of the 43 electronic states
have not been experimentally observed or characterized to date.34 

As a homonuclear molecule, the h vibration is not IR active. However, the 
h molecule has been extensively studied using the resonance Raman technique 
which gives clear vibrational signature for the molecule in different phases.4447

Gas-phase iodine (h(g)) has a very distinctive Raman active stretch vibration 
with a fundamental transition energy (G(v=l)-G(v=0)) of 213 cm-1.22,44 The other
extreme in ambient conditions is the bulk solid crystal (h(s)). The bulk solid has 
two Raman active vibrational modes.47 The vibrational modes of the crystalline 
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h can be understood as the in-phase vibration (A8) and the out-of-phase vibra­
tion (B38) of the two h molecules in the orthorhombic unit cell of crystalline h.48

These two modes can be clearly distinguished with their fundamental frequen­

cies at co = 180 cm-1 and co = 189 cm-1, respectively.
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Figure 2-3 Part of the electronic state structure of b in the gas phase. The electronic poten­
tials have been constructed from the data presented in Ri>fs. [31, 33, 39, 41, 49], and the ref­
erences therein. The shown potentials are color-coded according to their dissociation as­
ymptotes and labeled on the right-hand side of the figure to the "valence" or "ion-pair" 
manifolds. 

2.1.2 Structure, spectroscopy and dynamics of matrix-isolated h 

Isolation of h inside crystalline rare gases (RGs) has very profound consequenc­
es for the spectroscopy of this molecule. The technical aspects of h matrix­
isolation are briefly described in Section 4.1, and some of theoretical aspects 
relevant to matrix-isolation and the spectroscopy of matrix-isolated species are 
covered in Chapter 3. 

Briefly, the heaviest of the rare gases (Ne, Ar, Kr and Xe) form face­
centered cubic (fee) crystalline lattice at low temperatures.50 These optically
transparent van der W aals solids provide excellent media to study 
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photophysical properties of isolated molecules in a relatively weakly perturbing 
condensed-phase environment. When his introduced as an impurity to a low­
temperature RG crystal, the molecule is considered to dominantly substitute 
two rare-rare gas atoms in the crystalline lattice.51

-54 Figure 2-4 schematically 
represents the double substitution environment suggested for h in solid-fee Xe 
lattice.I 

Figure 2-4 Molecular dynamics (MD) simulation of the double substitution site of h in solid 
Xe at T = 50. Red atoms are the iodine atoms and yellow atoms are the Xe atoms. Figure 

adapted from publication I. Copyright © 2012 American Chemical Society. By kind courte­
sy of Toni Kiljunen. 

The h molecule itself has effectively only the internal degree of freedom in 
the RG crystals: the internuclear vibrational coordinate R. This is due to the effi­
cient suppression of all rotational degrees of freedom by the surrounding RG 
cage.53,55 Iodine resides dominantly in piston-type vacancies which strictly ori­
ent the molecule to coincide with the double-vacancy direction. Iodine inside a 
low-temperature crystalline RGs thus typically only exhibits purely vibrational 

(or vibronic) transitions without any notable rotational fine structure. 
The vibrational energy levels of isolated h molecules are relatively weakly 

perturbed by the RG surrounding. For example, small matrix-induced red shifts 
(R<-1-5 cm-1) of the fundamental vibrational transition energies (G(v=l)-G(v=O)) 
are typically observed for the ground-state iodine in solid RGs51

,56-
61

,
1 from the 

gas-phase value of the free molecule (213 cm-1). The absolute magnitudes of the
vibrational energy shifts are dependent on the RG host and the electronic state 
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in question, but qualitatively the energies of h vibrational states show larger 
shifts from the gas-phase values as more polarizable hosts are used for isolation. 
Unfortunately, the effects induced by the solid RGs to the vibrational energy 
levels of h are rather poorly known, and the behavior of vibrational energy lev­
els is only known with some accuracy for ground-state h. Figure 2-5 illustrates 
the behavior of the harmonic wavenumber (cv,,) of the ground-state (X) potential 
in different solid RGs as function of the bulk dielectric constant (&) of the host.62 
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Figure 2-5 Behavior of the ground-state harmonic frequency in different solid RGs. Gas­
phase value(•) Ref. [22], green dots(•) Ref. [63], blue dots(•) Ref. [57], red dot(•) Ref. [64], 
purple dot(•) Ref. [55], cyan dot(•) Ref. [61], and magenta dot(•) from publication I. 

The h ground-state spectroscopic parameters have been obtained from 
various spectroscopic studies of h in solid RGs where the ground-state vibra­
tional energy structure has been studied using relaxed A(3ITu(lu))➔X and 

A'(3ITu(2u))➔X emissions, Resonance Raman, and time-resolved coherent anti­
Stokes (TRCARS) techniques. The reported values show notable discrepancies, 
but the red-shifting behavior of the ground-state harmonic frequencies can be 
clearly established when heavier RGs are used to isolate h. 

The excited electronic state energies of iodine are expectedly subject to 
much stronger energy shifts in solid RGs than the vibrational energy levels. 
Figure 2-6a shows the matrix shifts of the electronic origins (Te) for the h va­
lence states A, A' and B in different RGs. The potential minima of the valence 
states are typically red-shifted by ~200-600 cm-1 from the gas-phase values of



23 

the respective states in solid RGs. As with the vibrational level shifts, the red­
shifting of the potential minima becomes more prominent with heavier RGs. 
Solid Xe h typically shows a strong relative increase of the matrix shift com­
pared to other RGs. 
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Figure 2-6 a) Matrix shifts of the valence state Te values in different RGs. Green(•) and red 
(•) dots in panel a) from Refs. [57, 58] and blue dots(•) from Ref. [65] and publication I; b) 
Matrix shifts in the transition energies of the IP state absorption (D�X, black dots(•)) and 
emission (D'➔A', magenta dots (•)) in different RGs. Points taken from Ref. [49], apart 
from the D�X in solid Xe, taken from publication II. The shifts are represented as a func­
tion of dielectric constant term ( & -1)/(2&+1) in Onsager's cavity model (see Equation 2-5). 

The matrix salvation of h IP states shows rather peculiar behavior in solid 
RGs as shown in Figure 2-6b. The matrix-effects observed for these states are 
much stronger than for the valence states. The black dots shows the matrix shift 
of the absorption maxima of D(0u +)�X transition in different RGs environments 
(calculated transition energy in the gas phase is 54700 cm-1, Ref.[49]). In the 
range from Ne to Kr, the transitions are red-shifted up to "" 1000 cm-1 from the 
expected gas-phase value.49 On the other hand, the relaxed emissions from the 
first IP tier transitions (shown for D'(2g)➔A' with magenta dots in Figure 2-6b) 
show a shift of over 5000 cm-1 in the same range of host materials. This discrep­
ancy has partly been explained by the increase of the equilibrium distances of 
the IP states (!'>.Re,IP "" 0.14-0.3 A.)49

,
66 in Ar and Kr compared to the gas-phase 

values. This phenomenon is also debated to occur in the excited valence states 
of matrix-isolated h.51 However, it has been recently shown theoretically using 
a DIM formalism that the likely reason for the strong red shifts is the environ-
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mentally mediated symmetry breaking of the relaxed IP states in the crystal 
cavity. The symmetry breaking produces partially charged iodine atoms within 
the h molecule, which are then strongly red-shifted in energy in the RG envi­
ronments.42 

The small matrix shift in absorption, on the other hand, implies that ab­
sorbing IP states have gas-phase-type symmetry in Ne, Ar, and Kr. Within the 
classical dipole solvation model introduced by Onsager67 (and taken as revised 
by Helbing and Chergui, i.e., the solvation shift 11£ is dependent on R), 

1 8(E - 1)µ(R)2 

!1E(R) 
= 4rrE0 (2E + 1)d3 

(2-5) 

the weak shift in the absorption can be taken as indication that no significant 
dipole (µ(R)) is present when the IP states are probed in the ground-state con­
figuration (R = 2.666 A.). Interestingly, our recent results suggest that this not 
the mGe in Golid Xe where the absorbing D-state is strongly polar (see Figure 2-
6b, Xe).11 Note that the IP states emissions of h cannot be directly observed in 
solid Xe. The IP states predissociate to the valence states upon excitation.11 

Iodine in solid RGs is a many-body system, and in this sense, even though 
the system is at first glance simplified by the lack of rotational degree of free­
dom, the complication of the system arises from the strong coupling to the RG 
environment. The energy shifts in the vibrational and electronic energy levels 
are of course a manifestation of the inleraction of the molecule with its envi­
ronment. More direct implication of the many-body nature of the system can be 
seen in the electronic state potentials of h in solid RGs. Figure 2-7 shows the 
shapes of the X- and B-state potentials in a crystalline fee Xe lattice. Near the 
equilibrium distances of the gas-phase potentials (Re(X) = 2.666 A and Re(B) = 
3.045 A.),22 these potentials resemble the gas-phase potentials, and it has been 
shown on many occasions that the gas-phase type Morse-potentials 

(2-6) 

with vibrational energy term values (with power expansion beyond the Morse 
description) 

(2-7) 

can give a reasonably accurate description of the h valence potentials near the 
vicinity of the potential minima (see for example, Ref. [61]). However, at elon-

__
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gated bond distances (in Figure 2-7, R > 4 A.) the potential energies show a steep 
rise, and the simple Morse description fails. This is the "cage effect" of the sur­
rounding RG atoms,68 which prominently affect the spectroscopy of h in solid 
RGs. For example, the dissociative I*-I* potentials are strongly stabilized in the 
RG cages, in a way that fluorescence from the repulsive states is readily observ­
able.69 The RG atoms at both ends of the h molecule (see Figure 2-4) suppress 
the permanent molecular dissociation when the system is photoexcited over its 
dissociation limit. In the event of apparent molecular dissociation (excitation 
over the dissociation limit), the molecular fragments are forced to recombine by 
the surrounding cage atoms. Photodissociation of the h molecules in solid RGs 
thus typically have a probabilistic nature, depending for example on the excess 
energy deposited in the system.70 

30000 

25000 

-

20000 -;-

E 

>, 15000 

Cl) 
C 

10000 w 

5000 

0 

2 3 4 5 6 

R (A) 

Figure 2-7 X and B state potentials in solid Xe. Potentials obtained from molecular dynam­
ics (MD) simulation of lz in a double-substitutional cavity in fee Xe lattice at T = 50 K. Fig­

ure adapted from publication I. Copyright © 2012 American Chemical Society. By kind 
courtesy of Toni Kiljunen. 

Electronic absorptions and emissions of h in RG solids are typically char­
acterized by broad Franck-Condon (F-C) envelopes with no distinctive 
rovibronic fine structure (for B�X absorption, see for example Refs. [64], [71]). 
This is in clear variance with the gas-phase h, where rich densities of rovibronic 
transitions for numerous electronic transitions can be easily observed (for ex­
ample, Ref. [29]). In solid RGs the only known exceptions to this case are the 
long-lived A➔X and A' ➔X transitions, which show broad vibronic structures 
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in the relaxed emission.51,57,63 The lack of vibronic fine structure for h in solid 
RG has been attributed to the extremely fast electronic dephasing in the excited 
states.72,73 For the h B-state the time scale for electronic dephasing has been es­
tablished to occur during the first extension of the excited state molecule (- 100 
fs).74,75 

Iodine isolated in solid rare gases (h/RG) is in many ways a very proto­
typical model system for solid-phase many-body photodynamics.76 The system 
has been a subject of numerous femtosecond (fs) pump-probe studies in solid 
RGs.s2,s3,66,68,70,71 Most of these ultrafast studies have utilized pump-probe 
schemes where the low-energy valence states (usually A or B) are initially excit­
ed by an optical fs-pulse (pump). The ensuing coherent dynamics of the vibra­
tional wavepacket on an excited valence state is then probed using another de­
layed fs-pulse (probe) through the laser induced fluorescence (LIF) from the IP 
states. A typical result of such a two-color pump-probe experiment is shown in 
Figure 2-8. The central interest in these studies has been the many-body nature 
of the h dynamics in solid RGs, namely the caging and the recombination event 
of the molecule,52,68,70,77 the dynamics of environmentally mediated vibrational 
relaxation, and the predissociation to the other valence states65,66:11. Much of this 
earlier pump-probe work has been reviewed by Giihr et al.73 and also by M. 
Giihr in his PhD dissertation.78 The above studies have shed light to the rele­
vant time scales for the different dynamical processes occurring in the h mole­
cule trapped in the RG cage. 

The ground-state potential of h in solid RGs and the vibrational 
decoherence induced by the pure dephasing in this state have also been subject 
of a series of TRCARS studies by Apkarian and colleagues.60,61,79 The extremely
long-lived vibrational coherences (typically from tens to hundreds of picose­
conds depending on the v-state and the temperature) can by probed using the 
TRCARS technique, where the evolution of vibrational wavepackets on the 
ground state are interrogated using a third fs-pulse, generating a third-order 
nonlinear polarization P(3> emitting a CARS photon. The studies of h/RG sys­
tems using these time-dependent four-wave mixing techniques (FWM) have 
suggested that the dominant dephasing mechanism for the ground-state mole­
cule is pure dephasing through the pseudolocal phonon modes. More recently, 
the dynamical studies of solid h/RG systems have focused on the generation of 
vibrational/ electronic coherences on the B-state and interrogating the quantum 
nature of the transients using similar four-wave or six-wave mixing tech­
niques.72,74,75 
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Figure 2-8 Pump-probe measurement of h/Xe/Kr = 1/2.6/2600 at T = 40 K using "-PUMP = 

558 nm and A.Probe = 500 nm. Despite the presence of Xe in the sample, the shown dynamics 
reflect the vibrational dynamics of B-state h in solid Kr. From publication II. Copyright© 
2012 American Institute of Physics. 

2.2 Complexes of iodine 

2.2.1 h-Xe 

A vast number of experimental and theoretical studies can be found in the liter­
ature regarding structure, dynamics and energetics of halogen-RG complex sys­
tems in the gas-phase RG clusters (see for example, Refs. [80-83]). This field has 
been recently reviewed by Beswick et al.84 Despite the great efforts to under­
stand tri-atomic van der Waals complexes, few gas-phase studies actually con­
cern directly the h-Xe complex. The structures of the ground-state complexes 
have been under great debate in the literature on clusters. The current consen­
sus regarding the structure of the RG-h complexes is that there are two domi­
nant isomers: T-shaped and linear complexes that can co-exist in gas-phase en­
vironments.84 Similarly, the DIM calculations related to the condensed-phase h­
Xe complexes have shown that the two isomers are very close in energy,39,85 and 
often there is no clear spectroscopic distinction between the two structures. Ac­
cording to recent ab initio calculations of the h-Xe complex, the difference in the 
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stability of these two isomers is approximately 58 cm-1 in favor of the linear 
complex.86 

Much effort has also been invested in studying the relaxation of h in gas­
phase bulk Xe. Recent double-resonance excitation works by Pravilov and col­
leagues have given some indication of h-Xe complex presence in the samples 
containing h in the bulk Xe gas.87,88 The complexes have been presumably de­
tected in emission upon excitation of the h IP states. Potter et al. have also pro­
posed bimolecular reaction control of h-Xe complex dissociation through a har­
pooning mechanism, using a femtosecond pump-probe excitation through the 
gas-phase h B-state in the presence of Xe.89 

It has become evident from the works by Pravilov and colleagues that the 
h-Xe complex is a rather elusive species in electronic spectroscopy. Therefore,
very little is actually known about the electronic state structure of the iodine­
xenon 1:1 complex. This situation concerns condensed-phase environments in
particular, as only very few studies of this complex exist. In this regard, the ma­
trix isolation studies of the h-Xe complex in solid Kr by Kiviniemi et al. are very
valuable, because they have enabled the study of purely isolated complexes with
well defined structures.85 Near perfect isolation of the van der Waals complex
dimer inside a crystalline Kr lattice can be obtained by choosing suitable matrix­
preparation parameters (h/Xe/Kr -ratio, matrix deposition temperature and
matrix deposition rate, see 4.1). The presence of the ground-state complex can
be verified using high-resolution resonance Raman or TRCARS techniques.85,A3 

Figure 2-9 shows a typical TRCARS trace where the presence of the h-Xe 
complex can be identified in the polarization beating between the uncomplexed 
h and the h molecule in the Xe complex.85,A3 The studies by Kiviniemi et al.85 

have shown that the h molecule in a Xe complex has a weakly altered ground­
state potential compared to the "free" h molecule isolated in solid Kr (�roe = -

0.90 cm-1, �ffieXe ~ 0). The vibrational dephasing times in the solid-phase com­
plex are only weakly decreased compared to the h molecule in solid Kr. These 
studies have also given order of magnitude estimation of the complex abun­
dance, suggesting that the amount of the complex in solid Kr is highly 
unstatistical in comparison to the total amount of Xe in the samples. The MD 
calculalions using DIM potentials for the complex have also given estimation 
for the ground-state binding energy ("' 285 cm-1) for thP. linear complex, tenta­
tively assigned as the most stable complex structure in solid Kr.85 Recent ab ini­
tio calculations for the gas-phase h-Xe complex have also resulted in the same 
conclusion about the minimum energy structure; moreover, the calculations 
indicate very similar binding energies for the linear structure.86 

The interesting question about the isolated h-Xe is complex is whether it 
can be observed in electronic spectroscopy. In other words, is there a distinctive 
signature for the complex in the excited states that identifies the species, simi­
larly to the ground-state complex as shown in Figure 2-9. This question is ad­
dressed in Section 5-2 and in publication II. 
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Figure 2-9 Energy-domain TRCARS spectra (main panels) and the corresponding time­
traces (insets) of h/Kr = 1/2600 and h/Xe/Kr = 1/2.6/2600 at T = 10 K. The lower spec­
trum shows the signature of the h-Xe complex in the additional polarization beat frequen­
cies (marked by arrows) of the high-energy ground electronic state wavepacket (v""' 20). 

From publication II. Copyright© 2012 American Institute of Physics. 

2.2.2 (lz)n 

Small neutral aggregates and aggregate-type species of molecular iodine ((h)n) 
are known to exist in all possible phases. For example, presence of neutral di­
mers of (h)2 have been reported in the vapor phase by Tamres et al.90 The for­
mation enthalpy ~12 kJ/mol at T = 605 K for the gas-phase dimer has been de­
duced from the spectroscopic data by Passchier and Gregory.91 Very similar 
evidence of the presence of (h)2 has also been obtained in the earlier UV-region 
spectroscopic studies of h in liquid CCl4 and n-heptane.92,93 The
photodissociation studies of iodine by Philippoz et al. in the gas-phase clusters 
((h)a-(M)b, where M = RG, H2, N2, 02 or h) clearly indicate h aggregation, main­
ly attributed as a formation of h dimer ((h)2) in low-temperature clusters.81,94 

More recently, aggregates of h have been investigated by several groups 
in nanoporous TiO214,95. The optical activity of the TiO2 particles can be in­
creased by introducing (h)n aggregates in the nanoscopic pores of the material. 
The properties of h aggregates have also been studied in nanoscopic zeolite 
crystals.96,97 Wire-like molecular aggregates of h inside the zeolite channels are 
proposed as the source for the distinctive Raman transitions in these studies. 
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In the liquid phase, the X-ray diffraction studies of molten h(l) by van der 
Marel et al.98 also suggest that the remnants of the h crystalline structure may be 
partially preserved through short-range interactions even in the high­
temperature liquid phase, evidencing a liquid-phase h aggregate species. Ra­
man studies of liquid iodine by Magana and Lannin have yielded similar re­
sults, suggesting the presence of long-lived (h)n liquid-phase clusters.45A6

Neutral matrix-isolated h aggregates have also been observed in low­
temperature crystalline Ar in UV-absorption and in laser photoluminescence by 
Andrews and colleagues.99,100 Raman spectroscopy of matrix-isolated h has 
proven a very informative tool in this regard to study the h aggregates. Clear 
signatures of such species have been obtained in different RGs in the seminal 
Raman works by Andrews,64 which have since been reproduced by other au­
thors.101,III In solid RGs, the h aggregates were previously assigned to corre­
spond with the fundamental Raman transition at ro = 180 cm-1, which is nearly 
identical to the in-phase transition observed in bulk crystalline iodine (see sec­
tion 2.1.1). This bulk-like 180 cm-1 transition in the low-resolution Raman stud­
ies of solid RGs has been assigned to clusters with possibly 2-4 iodine molecules 
((h)2-4).64 This assignment is defined in greater detail in publication 111. 

The evidence of existence of (h)n species is rather overwhelming, as shown 
by the numerous studies above. The existence of (h)n complexes is not very 
surprising at all if one considers that the iodine is a well-organized molecular 
solid in room-temperature ambient conditions. However, in reality very little is 
known about the structures and properties of h aggregates. This raises an inter­
esting question: What kind of intermediates there are between crystalline h and 
gas-phase h, and what is the limit of molecules in the cluster when the "bulk" 
phase is reached? This question is addressed in section 5.3 and in the original 
publication III. 

2.3 Au102(p-MBA)44 

The extensive study of monolayer-protected nanoscopic gold clusters begun 
when Rrust et al. puhlished their work on a simple organothiolate-based syn­
thesis scheme for producing gold nanoparticles in the size range of 1-3 nm.102

The qualitative two-stage reaction scheme is shown by the following equations 
(adapted from Refs. [103] and [104]): 

(2-8) 

(2-9) 

In the first stage of the reaction, the gold and the organothiolate precursors 
(RSH) produce Au-thiolate polymer, which is then reduced (typically using 
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NaBH4) to yield gold clusters of various sizes. Variations of this "Brust-Schiffrin 
synthesis" and other synthetic techniques have been developed to produce 
monolayer-protected gold nanoparticles with different types of ligands104 (see,
for example, the water-soluble variants in Ref. [105]). The problem with the 
cluster synthesis is that the above equations typically yield products of various 
different sizes (x and y, in Equation 2-9) depending on the preparation parame­
ters.103 Thus the separation of different-sized clusters from each other has been,
and still is, the real challenge in the studies of atomically precise Au clusters. 
Many experimental techniques, such as polyacrylamide gel electrophoresis 
(PAGE), are nowadays available to separate different sizes of clusters from one 
another. Some of these techniques were recently reviewed by Tsukuda104 and 
will not be repeated here. 

A real breakthrough in the research of atomically precise thiolate­
protected gold nanoclusters was obtained when Jadzinsky et al. reported the 
total structure determination of the stable Au102(p-MBA)44 cluster with 1.1 A 
precision.106 Reproduction of the X-ray crystal structure of the cluster is shown 
in Figure 2-lOA. The X-ray study by Jadzinsky et al. showed that a gold 
nanocluster with an approximate Au mass of -21 kDa consists of precisely 102 
Au atoms surrounded by 44 para-mercaptobenzoic acid ligands (-SC6H4COOH 
=-SR, see Figure 2-llA) covering the surface of the water-soluble particle. A 
later theoretical study by Walter et al.107 found that the structure of the cluster 
can be understood of consisting of a "metallic" core with 79 Au atoms and a 
"protective" thiolate-gold layer consisting of Au23-SR44 (See Figure 2-lOB, C and 
D). The core of the cluster has a high degree of 5-fold Ds11 symmetry, which is 
only slightly perturbed by the irregular positions of the 13 Au atoms at equato­
rial positions perpendicular to the -Ds symmetry axis (see Panel B, where the 
core is depicted from the top along the symmetry axis). 

One of the most intriguing findings in the X-ray crystal structure of 
Au102(p-MBA)44 are the peculiar "staple" -bonding motifs of p-MBAs and the 
gold atoms. These ring-like Au-SR units clearly vary from the so-called stand­
ard model, where a direct connection of the single p-MBA ligands to the core is 
expected.1°8 These staple structures are shown on the surface of the Au core by 
yellow-orange (gold-sulfur) sticks in C and D panels of Figure 2-10 and repre­
sented schematically in Figure 2-llB and C. The staple motifs consist of p-MBA 
ligands (-SR) connected via sulfur to the surface of the gold core ((Au)). The lig­
ands are bridged by a gold atom between the p-MBAs. These staple-like ring 
structures follow the predicted "divide-and-protect" concept introduced for 
smaller thiolate- or phosphine-protected Au clusters by Hakkinen et al.109 The 
Au102 structure contains two types of staple structures, as shown in Figure 2-11: 
single staples (-SR-Au-SR-) and double staples (-SR-(Au-SR)2-). There are alto­
gether 19 single units and 2 long double stable units connected to the surface of 
the Au core. The gold atoms in the core of the cluster are essentially metallic 
(Au0), but the gold atoms in the -SR-(Au-SR)x- units (x = 1 or 2) are in an oxi­
dized-state (Au1): 
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Figure 2-10 Reproduction of the Au102(p-MBA)44 crystal structure A) the full cluster B) Au 
core C) and D) with the staple motifs included as sticks. Figure from publication IV. Copy­
right© 2011 American Chemical Society. 
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Figure 2-11 Schematic illustration of single p-MBA structure and the staple motifs covering 
the Au102(p-MBA)44 cluster A) single p-MBA thiol B) single staple C) double staple. Staple 
motifs reproduced from Ref. [110] 

The Au102(SR)44 cluster has been the subject of many theoretical calcula­
tions and debate about the stability of the cluster, ever since the structure was 
obtained.107, 111-114 Theoretical LR-DFT studies by Hakkinen and colleagues have 
shown that the "magical" stability of this cluster can be traced back to several 
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factors: Existence of a major HOMO-LUMO gap (predicted energy ~0.5 eV) due 
to an electron shell closure of a delocalized superatom orbital, with a G-type 
character, chemical steric passivation of the gold surface by the protecting gold­
ligand layer, and the formation of a symmetrical core that can sustain the elec­
tronic shell structure.107,us 

The electronic shell closure in Au102(p-MBA)44 has been attributed to a so­
called "58 electron" shell closure, which shows exceptional stability, in bare 
gold clusters.116 This electron closure number in the cluster can be understood 
as localization of the 21 "excess" Au(6s1) electrons of the Au core (in total 79 Au 
atoms) to the bond formation with the 21 thiolate units, resulting in nominal 
shell closure of the core Au atoms and increased electronic stability of the clus­
ter. The calculated electron density of states (angular-momentum-projected lo­
cal electron density, PLDOS) for the model cluster Au102(SMe)44, where Me 
stands for methyl (-Cfu), is shown in Figure 2-12. Previous works by Walter et 

al. have shown that the calculated electron densities for the model clusters with 
SMe-ligand or p-MBA-ligand are virtually identical.107 The calculated electron 
density shows a clear ""' 0.5 eV gap between the HOMO orbitals with dominant­
ly superatomic "G" character (section c, ""' -0.5-0 eV, three top panels Figure 2-
12) and the LUMO orbitals (section d ""' 0.5-0.75 eV, Figure 2-12) with a
superatomic 'H' character.

It is perhaps noteworthy that the superatomic description of atomically­
precise Aux(SR)y clusters proposed by Hakkinen and colleagues107 has been 
very successful in predicting exceptional stability of other gold nanoparticles. 
For example, the total-structure determined cluster [Au2s(SPhC2)18]- 117,118 is a
species that exhibits "8 electron" shell closure, which is another stable number 
of bare s1 open shell clusters.116 The simple stability-counting equation for the 
monolayer protected Au clusters takes the form:107 

m* = NvA - L - q
(2-12) 

where m• is the magic shell-closing number in bare clusters (m* = 2, 8, 18, 34, 58, 
92, etc.), N is the number of core Au atoms (with atomic valence vA = 1 (6s1)), L
is the number of electron withdrawing ligands and q is the total charge of the 
cluster. Interestingly, it has recently been suggested that electronic shell clo­
sures contribute even to the stability of large "plasmonic" Au333(SR)79 clusters 
with no apparent HOMO-LUMO gap.119 However, it has been predicted that in
larger cluster other forces may play a role in defining the stability of the cluster, 
such as the formation of highly symmetrical core structure as predicted for 
Au144(SR)60.120 

From a purely experimental spectroscopic point of view, the ability to 
produce pure Au102(p-MBA)44 in reasonably large quantities is necessary condi­
tion for accurate measurements of the electronic structure of this cluster. Levi­
Kalisman et al. recently published a scheme to produce Au102(p-MBA)44 on a 
preparative scale that yielded essentially pure cluster (see also section 4.2).121
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This synthetic and preparative work enabled the spectroscopic studies in publi­
cation IV. 
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Figure 2-12 The top three panels show the decomposition and weight of different types of 
orbitals in the angular-momentum projected local electronic density of states (PLDOS) for 
the Au102(SMe)44model cluster calculated at the LR-DFT level of theory. The local DOS has 
been decomposed to fully occupied orbitals (regions a,b,c) and unoccupied orbitals (re­
gions d,e,f), with the weight of the localization of the Kohn-Sham orbitals to the Au79 core 
(top), the ligands (second from top), and the corresponding super-atomic character (third 
from top). For more information see supporting information in publication IV and Ref. 
[107]. The lowest panel shows the calculated optical transitions for the model cluster (blue 
slicks a.tu.I the convoluted blue spectrum). The spectrum shows also qualitative identifica­
tion of the transitions from different regions of the local DOS. From publication IV. Copy­
right© 2011 American Chemical Society. 
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In order to clarify the discussion in Chapter 5, some concepts relevant to con­
densed-phase spectroscopy need to be established. Publication I reports sharp 
vibronic structures in the B+-+X transitions of h in solid low-temperature Xe, 
which implies long-lived electronic coherence in iodine and the existence of ze­
ro-phonon lines (ZPLs). Thus these concepts should be defined. Actually the 
discussion about coherences is relevant to all the spectroscopic results present­
ed in this thesis. For example, the absorption spectrum of Au102(p-MBA)44 in 
publication IV (discussed in more detail in the upcoming chapters) is nearly 
structureless, with no apparent vibronic structures. This naturally evidences 
extremely fast electronic dephasing in the room-temperature cluster upon exci­
tation. Even though the few concepts highlighted in this chapter are most rele­
vant to publication I, they often underlie the spectroscopic results in other pub­
lications. 

3.1 Coherence and dephasing 

Condensed-phase molecular systems are far from being isolated. The interac­
tion of the system with the surrounding matter (often called the bath) induces 
the system population to relax and the coherences to dephase. The concept of 
"coherence" is central to condensed-phase spectroscopic studies, but possibly 
even more important is the concept of "dephasing": this is because the 
dephasing (i.e. loss of phase correlation between quantum states), or more accu­
rately the dephasing time, defines the linewidth of a transition. For example, the 
(normalized) absorption spectrum in the absence of inhomogeneous line broad­
ening mechanisms is given by 122
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1 r 

cr(w) =; (w - Wo1)2 + rz
(3-1) 

The above equation is for a system with only two distinct states, which are cou­

pled by a light field with a frequency of coo1. The energy spectrum of a transition 
is a Lorentzian function with a width r. The width of a naturally broadened (i.e., 
homogenous) line (in units of cm-1) is given by123 

(3-2) 

where l/T2 is the total dephasing rate of a transition. The dephasing rate con­
sists of two contributionsl23 

1 1 1 
-=-+­
Tz 2T1 Ti 

(3-3) 

namely the dissipation T1, and the pure dephasing T2 •. In crystal environments the 
pure dephasing contribution to the total dephasing arises from the elastic scat­
tering of phonons and the chromophore, and is often the dominant mechanism 
of the dephasing. The dissipation contribution arises from population relaxation 
of the excited state, typically occurring via non-elastic collisions with the pho­
nons. When absorption linewidths and dephasing are described 
phenomenologically in the condensed phase, a rather intuitive picture of the 
phenomenon is given by Heller' s time-domain description using quantum au­
tocorrelation functions:124 

C(t) = ('-P(O)l'-P(t))
(3-4) 

Where the correlation function C(t) is the overlap between the initia 1 
wavepacket (= initial wavefunction multiplied by transition dipole moment to 
the excited state) and the evolving (time-dependent) wavepacket on the excited 
state. The absorption spectrum in this case is given by Fourier transform of cor­
relation function 

E(w) = Bw f_
00

00 
C(t) e-i(E+w)t dt 

(3-5) 

where m is the frequency of the incident radiation, E is the energy of the initial
wavefunction, and B is a constant term. A necessary condition for vibronic 
structure in the electronic absorption spectrum is the recurrence of the overlap in 

______________________________
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C(t).124 The absorption spectrum and the correlation function are Fourier trans­
form pairs, where the overall decay of the C(t) gives the linewidth of the vibron­
ic transitions.125 The Fourier transform of the absorption spectrum to the time­
domain is naturally the correlation function. In the condensed phase this Fouri­
er transform of the absorption spectrum can be understood as giving the full 
many-body correlation function, including the environment response.126 In the 
time-domain the overall decay of the C(t) as function of the time is inversely 
proportional to the full dephasing time T2, and thus to the linewidth of a vi­
bronic line. 

The concept of "coherence" is usually described using the density opera­
tor formalism (see, for example Refs. [78],[122]). The coherences in this descrip­
tion are the off-diagonal elements of the density operator, and the populations of 
the states are the diagonal elements. Equation 3-6 shows the time evolution of a 
density operator describing a coherent superposition of two states in the pres­
ence of phenomenological dephasing. The situation describes a decay of a su­
perposition state ll1 = alO)e-iwot 

+ ibl 1)e-iw1 t , generated, for example, by a 
light field that has already passed the system (Example taken from Ref. [127]). 
The system coherences in this case decay with a time constant T2 and the excit­
ed population relaxes to the ground state with a time constant T1.

(3-6) 

In a qualitative sense, the "coherence" can be understood as a sustained phase 
relation between two states of the system and the "dephasing" as the irreversi­
ble decay of the phase correlation (often also called decoherence). Such phase re­
lations between the states of the system will be generated by an interaction of 
the system and the electromagnetic fields. There are effectively two types of 
coherences which are relevant to this thesis: vibrational and electronic. When a 
resonant light field generates coherences between two states belonging to two 
different electronic states of a molecule, the coherence is called electronic coher­
ence. The optical absorption spectroscopy usually probes this coherence through 
the field generated by the first-order macroscopic polarization POJ.122 If, on the 
other hand, the states with phase relation belong to the same electronic state, 
the system is said to be in the vibrational coherence. For example, pump-probe 
spectroscopy typically probes the coherence between vibrational states belong­
ing to the same excited state. The important thing about electronic absorption 
spectroscopy is that the technique does not distinguish between the different 
dephasing mechanisms in Equation 3-3; it merely measures the total dephasing 
rate l/T2 of the electronic transition (pure dephasing and/ or population relaxa­
tion due to various reasons).128
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3.2 Phonon coupling 

As stated in the previous section, molecules in the condensed phase are not iso­
lated from their environment. Molecules in crystalline hosts are subject to the 
phonon bath of the crystal environment. This is one of the physical origins of 
dephasing in crystalline lattices.123 The phonon coupling gives rise to another 
phenomena often observed in low-temperature crystalline lattices. This is the 
splitting of electronic or vibrational transitions to zero-phonon lines (ZPL) and 
phonon-side bands (PSB). Figure 3-1 shows a spin-orbit transition of atomic io­
dine in solid Xe. 
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Figure 3-1 Spin-orbit transition 2P1;2+---2P3;2 of atomic iodine in solid Xe at T = 7 K. Adapted 
from Ref. [129] 

The absorption line of atomic I in low-temperature solid Xe in the NIR re­
gion is composed of two types of transitions: a sharp ZPL and a broader PSB. 
These types of ZPL + PSB transitions are reasonably common for ve1y low­
temperature crystal-chromophore systems.130-133 The ZPL can be understood as 
purely molecular (or atomic) transition between two states of chromophore, 
without a change of the phonon n state in the surrounding crystal. In electronic 
absorption this means that the vibronic transition v"= a➔ v'= b is accompanied 
with a phonon transition n"= i ➔n'= i (Lin = 0). The PSB, on the other hand, is a 
molecular transition and a simultaneous change in the phonon state of the crys­
tal environment. In electronic absorption of a system in the ground phonon 
state this means phonon transition n"=O➔n'=l (and possibly n"=O➔n'=2 and 
higher phonon transitions n' > 2). The energy difference of the ZPL and the PSB 
transitions (containing typically several unresolvable modes) correspond to the 
energy needed to create a (single or multiple) phonon in the vicinity of the 
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chromophore. In many cases, the shape of the phonon band is well described by 
the single phonon density of states of the corresponding solid.128 However, the 
presence of impurities in a crystal generates additional phonon modes, known 
as the local modes, which will also contribute to the PSB.134 The ZPLs and PSBs 
in electronic absorption and emission originate from the displacement of the 
ground- and excited-state potentials in the configuration coordinate Q, which 
describes the other degrees of freedom of the surrounding lattice.126,78. 

The magnitudes of the phonon coupling strengths of vibronic (or vibra­
tional) transitions are usually described with dimensionless Huang-Rhys cou­
pling constants:128,131 

S- In
n (Loo I) 

n=O lo 
(3-7) 

where the logarithmic ratio in the sum compares the intensity of the whole vi­
bronic structure to the intensity of respective ZPL. lo in Equation 3-7 is the in­
tensity of the ZPL. The intensity is usually well described by the area of the 
transition.I The sum term (L In) is the intensity of the whole vibronic transition 
(~combined area of ZPL and PSB). 

__
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4 METHODOLOGY 

4.1 Matrix isolation of lz and its complexes 

Solid RG samples containing iodine and iodine-complexes were prepared using 
a matrix-isolation technique. Matrix-isolation of molecules, atoms and transient 
species inside solid RGs is a well-established technique, originating from pio­
neering work by Pimentel and colleagues in the mid-1950s.135 Many excellent 
reviews on the subject can be found in the literature.73,76,131,136,137 For a more 
comprehensive review of matrix sample preparation techniques and instrumen­
tation the reader is directed to the book on the subject by Dunkin.138 

The crystalline h/RG (where RG = Kr, Kr + Xe or Xe) matrix samples were 
prepared by the slow continuous-deposition method. In this method, a gas mix­
ture of h and RG was initially prepared at room temperature in high-vacuum 
conditions in to a 5 dm3 glass bulb (typically evacuated to base pressure of p ""' 
10-6 mbar). The gas mixture was prepared by letting a purified solid h (located
in another bulb) expand in the sample-preparation vacuum system. When the
iodine reached a stable vapor pressure in the vacuum system (typically 0.20-
0.30 Torr), the solid h sample was sealed off from the system, and the RG host
was added until a pressure ratio of p(h)/p(RG) ""'1/2600 was reached. We used
commercial Kr and Xe RGs (Aga) without aJJitiunal purification. In the case of
mixed gas mixtures (h/Xe/Kr), the ratio of p(Xe)/p(Kr) was varied between
0.001-1, but the total ratio p(h)/ (p(Kr)+p(Xe) was usually kept constant at
1/2600.

The crystalline sample was prepared by slowly spraying, i.e. depositing, the 
premixed h/RG (typically at 0.07-0.13 mmol/min) on a cooled sapphire sub­
strate (thickness ~100-150 µm) mounted inside a vacuum-pumped cryostat Gan­
is Research Company, He flow cryostat or ADP Cryogenics, closed-cycle He 
cryostat) equipped with quartz or MgF2 windows. Different temperatures of the 
substrate (i.e. deposition temperatures) were used in the range T = 10 - 50 K 
during the deposition of the sample. The temperature of the substrate was con­
trolled during the sample preparation and the optical measurements using a 
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Lakeshore temperature controller. Typically a total deposition amount ~2 - 6 
mmol of the total gas -phase sample was used to prepare the crystal sample. 
Deposition was usually stopped when the violet color of h was visually detect­
ed in the crystalline sample. 

Optically high -quality h/Kr samples, with purely isolated h molecules, i.e. 
monomeric h matrices, can be obtained using a deposition temperature of T = 40 
K. This result can be verified using Raman or TRCARS techniques_III The
monomericity of h/Kr samples using lower deposition temperature of T = 32 K
has also been previously demonstrated.61 Similarly, trapping isolated 1:1 h-Xe
complexes in solid Kr can be obtained using the same deposition temperature
(T = 40 K) and Xe /Kr = 1/1000, h/Kr = 1/2600 ratios.85,A3,III The matrix prepara­
tion parameters for h and h-Xe in solid Kr have been studied extensively by
Kiviniemi et al., and it has been demonstrated that the preparation technique is
very robust in producing repeatable monomeric matrices of high optical quality.
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Figure 4-1 Resonance Raman spectra of h/Xe samples with different matrix deposition 
temperatures. The spectra have been measured near the h fundamental after cooling the 
solid sample to T = 10 K. Monomeric h in solid Xe can be identified from the intense Ra­
man transition at"' 209 cm-1 . Additional red-shifted transitions ("' 200-206 cm-1) at higher 
preparation temperatures (T = 45 K and 50 K) belong to the h aggregates.111 The blue­
shifted transition at"' 211 cm-1 most likely belongs to an iodine molecule in a vacancy defect 
site. 

Unfortunately, in the case of pure Xe as a matrix for h, we have not been 
able to optimize the sample preparation technique in a way that optically high­
quality matrices with purely monomeric trappings of hcould be produced. The 
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deposition temperature T = 10 K yielded completely monomeric h trapped in 
solid Xe. However, the apparent monomericity at this temperature can only be 
obtained at the expense of optical quality. On the other hand, optically good 
h/Xe matrix samples can be produced at T = 50 K and T = 45 K, although using 
higher deposition temperatures results in partially aggregated h molecules, as 
verified by the high-resolution Raman measurements shown in Figure 4-1. Io­
dine in solid Xe also appeared to exhibit Xe vacancy defects at all tried tempera­
tures.I Our MD simulations suggest that Xe vacancies are localized in the 90° 

angle from the bond axis in the first salvation shell surrounding the h mole­
cules.1,139 This triple substitutional monomer site in a solid fee Xe lattice appears 
to be very stable and independent of sample-preparation parameters (deposi­
tion temperature, deposition rate). Similar site defect effects have also been ob­
served for h in solid Ar.54 

4.2 Gold nanoparticle preparation 

Optical and IR measurements were done on essentially homodisperse Au102(p­
MBA)44 samples prepared and purified by Prof. Kornberg' s group in Stanford. 
The synthetic route to purified Au102 has been described in more detail in a sep­
arate publication by the group,121 and was also reviewed in publication IV. The
synthesis follows closely the two-step method initially proposed by Brust el al102

(see schematic reaction equations (2-8) and (2-9)). Briefly, Au102(p-MBA)44 parti­
cles are prepared by combining p-MBA and HAuC4 (p-MBA/ Au = 3/1) in a 
water-meth,mol solution and stirring the sample for 1 hour. The NaBH4 solu­
tion is then added to the mixture and the reaction allowed to proceed for a min­
imum of 5 hours. The impure product (Au102(p-MBA)44 + Aun(p-MBA)m) is then 
precipitated with ammonium acetate and methanol. The product is purified by 
repeated fractional precipitation using ammonium acetate and methanol, as 
described in Ref. [121]. The homodispersity (the presence of pure Au102(p-MBA)44) 
of the samples was studied using X-ray crystallography, photoelectron spec­
troscopy, mass spectrometry, electron microscopy, thermogravimetric analysis, 
and PAGE121 prior to the absorption measurements presented in publication IV.
All of the mentioned techniques suggested that the prepared sample is essen­
tially pure Au102(p-MBA)44. This is a very crucial notion for the spectroscopic 
measurements of the Au102(p-MBA)44, where impurities in the sample (the pres­
ence of other clusters) will hamper the accurate determination of the fundamen­
tal spectroscopic properties. Ligand exchange of p-MBA thiols was obtained by 
reacting equal volumes of purified Au102(p-MBA)44 with glutathione (GSH). 

The pure Au102(p-MBA)44 samples for spectroscopic studies were prepared 
by dissolving the solid-phase sample to H2O or D2O with various concentra­
tions (c = 0.020 - 3 mmoljl). The solid samples of Au102(p-MBA)44 and the lig­
and-exchanged Au102 samples were prepared from highly concentrated I hO 
solutions by placing a drop of solution on a CaF2 window and evaporating the 
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it under mechanical vacuum conditions. The sample preparation produces an 
amorphous-like solid sample with small traces of the solute (H2O) trapped in­
side. Alternatively, the same drop-casting procedure was performed in a small 
aluminum cup suitable for photoacoustic measurements, and on a gold mirror 
suitable for far-IR measurements. 

4.3 Spectroscopic techniques 

Stokes-branch resonance Raman measurements in publications I and III were 
carried out with a home-built backscattering Raman spectrometer with two res­
olutions: :::::1 cm-1 and :::::5 cm-1. Measurements were made using a frequency­
doubled single-mode CW Nd:YAG laser (Alphalas) with a central wavelength 
at 532 nm. A 50 cm focal-length spectrograph (Acton SpectraPro 2500i) com­
bined to a charge-coupled device (CCD) detector (Andor Newton) was used to 
detect the Raman and the emission signals. The laser line (Rayleigh) was sup­
pressed using an edge filter (Semrock). In publication I, visible absorption was 
also detected using the Raman instrument described above with a stable light­
emitting diode (LED, white-light) as a light source. 

The detection system used to gather the absorption, emission and pump­
probe measurements presented in publication II was constructed from an im­
age-intensified-CCD (Andor) and a 12.5 cm focal-length spectrograph (Oriel MS 
125), time-gated with a delay generator (Stanford Research Systems). A D2-lamp 
(Cathodeon) was used as a VUV /UV light source in the absorption measure­
ments. In VUV measurements the light path and the detection system were effi­
ciently purged with a nitrogen (N2) gas flow. Steady-state LIF measurements of 
the h/Xe/Kr ternary systems were recorded after 193 nm excitation with an 
ArF excimer laser (Optex), with an average pulse length of 5-10 ns. 

The TRCARS and pump-probe measurements in publication II were gath­
ered using three home-built non-collinear optical parametric amplifiers (NOPA), 
or alternatively with a commercial OPA (TOPAS, Light Conversion Ltd.). The 
parametric amplifiers were pumped by an integrated femtosecond Ti: sapphire 
laser (Coherent Libra), with a ~ 1 mJ output at 800 nm (repetition rate 1 kHz). 
The generated optical region near-transform limited fs-pulses were delayed us­
ing a computer-controlled delay line (Aerotech). The temporal widths of the 
pulses were approximated by autocorrelation measurements (typically ~50-100 
fs). A cooled photomultiplier tube (PMT) was used to detect a spatially and 
spectrally filtered coherent CARS signal. An incoherent spectrally resolved 
pump-probe signal was detected using the time-gated ICCD described above. 
The experimental TRCARS setup and the theoretical background for polariza­
tion-beat spectroscopy are described in detail in Refs. [61] and [85]. 

Mid-IR-NIR-absorption measurement of solid- and liquid-phase Au102(p­

MBA)44 samples were conducted using a commercial FTIR spectrometer (Ni­
colet Magna 760) equipped with a nitrogen-cooled mercury-cadmium-telluride 
(MCTB) detector. The solid-phase samples were additionally measured using a 
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commercial photoacoustic detector (Gasera PA301) connected to a FTIR spec­
trometer. The physical basis and the experimental realization of cantilever­
based FTIR photoacoustic detection can be found in Ref. [140] and the refer­
ences therein. Far-IR measurements of Au102(p-MBA)44 were conducted at the 
MAX-lab synchrotron facility in Lund using a Bruker IFS 120 HR far-IR instru­
ment (globar far-IR source, Mylar beamsplitter) equipped with a He-bolometer 
detector. The spectra were measured from solid-phase samples located on top 
of a gold mirror kept at T = 4.8 K inside a He-flow cryostat (Janis Research Co.). 
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5 RESULTS AND DISCUSSION 

The results presented in this chapter summarize and highlight some of the key 
results discussed in more detail in publications I-IV. 

5.1 Signatures of l2 in solid Xe 

5.1.1 Vibronic B+-►X ZPLs and PSBs 

Iodine B+-►X transition in solid Xe was studied using linear absorption and la­
ser-induced emission.1 Figure 5-la shows the absorption spectra of a crystalline
h/Xe sample directly after sample preparation at T = 45 Kand cooling to T = 10 
K. The appearance of a prominent vibronic structure in the 16500-18000 cm-1 

region of the B�X absorption is clearly observable in the 10 K spectrum. The
structures appear at approximately the energy region where transitions to the
bound portion of the B-state are expected in the gas phase, as shown by the
comparison with the B�X gas-phase molar absorption coefficient envelope by
Tellighuisen (red spectrum).36 The inset in Figure 5-la is a magnification of one

of the vibronic B�X transitions. With our suggested numbering, this is the

v'(B)=20 � v"(X)=0 transition.1 All vibronic structures at the 10 K spectrum
have a very distinctive bimodal structure with a sharp lower-energy peak and a
broader higher-energy band. The double-band structure corresponds to a mo­
lecular ZPL (sharp Lorentzian line) and the simultaneous excitation of broad­
range phonon modes of the h/Xe system (PSB). The impulsive excitation of the
h/Xe phonon modes, along with the molecular vibronic transition, generates
the broad PSB on the blue energy side of the ZPLs (see Section 3.2). Very similar
ZPL + PSB vibronic structures have been reported for the B-state excitation
spectra of Ch133 and Br2128,132 in low-temperature Ar matrices, but not for the h.
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Figure 5-1 (a) Absorption spectra of h/Xe at T = 45 Kand T = 10 Kin comparison with a 
gas-phase molar absorption coefficient envelope by Tellighuisen.36 (b) Experimental hot 
luminescence/Raman spectrum of the same sample at T = lUK showing the vibronic struc­
tures in B-state emission (black spectrum). F-C simulation of the hot luminescence (red 
spectrum). 

The phonon coupling strength of the chromophore (h) and the bath (Xe 
environment) shows a strong increase as the higher vibrational states on the 
excited electronic state are reached. A similar type of increasing phonon cou­
pling strength as a function of B-state vibrational quantum is also observed for 
Chand Br2 in Ar.128,134 Interestingly, the excited phonon modes in the PSB be­
come more localized further from the ZPLs when higher B-state v' -states are 

excited. At the highest observed excitations (-30' +- 0"), the excited phonon 
modes are localized near the Debye cut-off frequency of solid Xe ("" 44 cm-1).50 

The presence of h vibronic ZPLs in low-temperature solid Xe enables the 
parameterization of the B-state electronic potential using a normal Birge-Sponer 
analysis.43 The suggested experimental spectroscopic parameters for the B-state

are: Ok= 120.2 cm- 1, UkXe = 0.60 cm-1, UkYe = -0.006 cm-1 and Te
= 15200 cm-1.' The 

harmonic frequency shows a notable reduction from the gas-phase value29 

(�ffie = -5.1 cm-1) in solid Xe. The potential origin Te of the B-state is expectedly 

red-shifted from the gas-phase value (�Te(B) = -570 cm-1). A similar shift is also

observed for the A-state in solid Xe (�Te(A) = -507 cm-1).57 
Vibronic structures observed in the linear absorption spectrum are ob­

servable in the non-relaxed emission from the B-state as shown in Figure 5-lb. 
The hot luminescence phenomenon from the relaxing B:state populations has 
been reported in different RGs101 and in liquids.141,142 However, in solid Xe (T =
10K) the emissions are highly structured, as shown in Figure 5-lb which depicts 
the portion of the hot luminescence spectrum obtained with 532 nm excitation 
(the laser line is shown in panel a). By comparing the experimental transitions 
to a Franck-Condon intensity simulation (red spectrum Figure 5-lb) of the B➔X 
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transitions, we established that the observed emissions (ZPLs) originate from 
various B vibrational states to primarily the lowest vibrational states on the 
ground electronic state (v" = 0-4)_1 The studies of Bohling et al. in solid Xe do 
indeed show that the relaxed emissions from the A-state contain plausibly zero­
phonon line (ZPL) contributions, further confirming the assignment of h ZPLs 
in solid Xe.51 

5.1.2 Long-lived electronic coherence 

The vibronic structures in the B�X absorption shown in Figures 5-la and 
5-2a are a direct manifestation of electronic coherence that outlives the vibra­
tional period of the excited-state molecule in the low-temperature h/Xe system.
Estimation of the lower limit of the electronic dephasing time can be deduced
directly from the energy-space linewidths of the vibronic transition in the ab­
sorption spectrum (see equation 3-2). The lower limit of the electronic
dephasing time (T2) for B�X transition of h in solid Xe varies between 0.4-1.8 ps
in the observed range of vibrational states (v' = 10-31)_1

In order to get more insight and highlight the long-lived electronic coher­
ence, Panel b of Figure 5-2 shows the Fourier transform of the vibronic absorp­
tion spectrum in Panel a. The Fourier transform of the absorption signal can be 
considered to yield the many-body quantum correlation function C(t) of wave 
packet evolving on the B-state124

,
126 The time-domain signal shows the recurring 

evolution of the h/Xe B-state wavepacket on the time scale of"" 360 fs, correlat­
ing with the average energy separation of the vibronic transitions in the energy 
spectrum and the B-state vibrational period. The time-domain signal also shows 
how a rather large portion (20%) of the wavepacket reaches the initial overlap 
after the first round trip on the B-state, and several recurrences are clearly ob­
servable up to "" 1.6 ps. 

As stated in Section 2.1.2, the vibrational coherences generated in the h B­
state in Ar and Kr are known to decay in time scales of few picoseconds (see for 
example, the pump-probe spectra in Figure 2-8). However, the absorption spec­
trum of h, which probes directly the electronic part of the coherence, is rather 
peculiar in low-temperature Xe. This because no similar vibronic signatures 
have been reported in the literature for any condensed-phase environment for h, 
despite the fact that this particular transition has been under very intense study 
in all possible phases and environments. Nonetheless, Jungwirth et al. have 
shown that wavepacket recurrences occur in full quantum simulations of Ra­
man processes in large h-Xen clusters,143 and more interestingly, the authors 
suggest that such processes are even more prominent in solid Xe, an assump­
tion now proven correct in the present study. It can be tentatively suggested 
that the likely reason for the long-lived electronic coherence is iodine's inability 
to displace heavy Xe atoms during the collision of the vibrating molecule and 
the caging RG atoms in the excited B-state. However, the question of why ZPLs 
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and PSBs are present only in solid Xe is still fully open, and further studies of 
this interesting condensed-phase model system are clearly needed. 
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Figure 5-2 (a) Base-line corrected absorption spectra of lz/Xe (T =10 K) (b) Fourier trans­
form of the absorption signal in the top panel, showing the absolute magnitude and the 
real-part of the many-body correlation function C(t). l{eproduced from Ref. [139] (un­
published) . 

5.2 Signatures of h-Xe complex in solid Kr 

5.2.1 VUV absorption and emission 

The electronic transition signature for the h-Xe complex was found in the vacu­
um ultraviolet (VUV) absorption of ion-pair states in solid Kr.'1 Figure 5-3 de­
picts the absorption spectra of solid h/Xe/Kr ternary systems, where the num­
ber (Xe = n%) is the percentage of Xe gas in the initial gas phase (h/Kr = 1/2600) 
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sample used to prepare the solid-phase crystalline samples. The VUV absorp­
tion spectra of Df-X transition49 (see also Figure 2-3) showed strong systematic 
red-shifting behavior from the pure Kr case (Xe = 0%) as a function of Xe per­
centage. The red-shifting effect is clearly visible even with trace amounts of Xe. 
This can be understood as the appearance of a new absorption band at co = 
51200 cm-1, induced and enhanced by the Xe presence in the sample. Figure 5-3
highlights qualitatively the appearance of the new absorption band in the VUV 
region with a dark-blue color and the disappearance of the h/Kr Df-X transi­
tion with a red color. Notably, the Xe-induced band already completely domi­
nates the absorption spectrum with a doping level of Xe = 0.5%. 
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Figure 5-3 VUV absorption spectra of h/Xe/Kr ternary systems at T = 40 K with varying 
Xe percentage. Adapted from publication II. Copyright © 2012 American Institute of Phys­
ics. 

The Xe doping levels in Figure 5-3 typically yield solid Kr matrices where 
isolated 1:1 h-Xe complexes have been previously observed.85,

A3 The presence of 
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isolated h-Xe complex in the Xe = 0.1 % case was verified using the polarization 
beats in the TRCARS traces.11 The previously reported results and the verifica­
tion of the complex presence in Xe = 0.1 % sample strongly suggest that the Xe­
induced absorption in the VUV region (the hlue band) belongs to the 1:1 h-Xe 
complex in solid Kr, thus identifying a novel spectroscopic signature for the van 
der W aals complex in electronic spectroscopy. 

Interestingly, the h-Xe complex could not be directly observed in the re­
laxed emission from the ion-pair states. Figure 5-4 shows the emission spectra 
from various ion-pair states as a function of Xe percentage. The spectra are 
measured after direct excitation of the D-state using ArF excimer laser (193 nm). 
Excitation of the h D-state in solid RGs49 and in the gas-phase rare gas clusters80 

leads to a rapid environment-mediated population relaxation through the ion­
pair tiers and subsequent emission from multiple terminal ion-pair states. Emis­
sions with 193 excitation mainly originate from the first ion-pair tier (namely 
from IP states D' and 8). However, emissions presumably from the second IP 
tier can also be observed (from IP states f and F).Relaxed emissions show a typ­
ically short life-time of approximately 20 ns. All observed emissions in the Xe­
doped cases can be attributed to emissions from h IP states, without evidence of 
distinct transitions belonging to the complex. Nonetheless, dramatic relative­
intensity drops from the first IP tier can be observed in the steady-state emis­
sion spectra of Xe-doped matrices. Figure 5-4 shows the intensity changes 

(compared to the second IP tier emission F➔a') as a function Xe doping. 
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Figure 5-4 Emission spectra of h/Xe/Kr ternary systems with the same Xe-doping ratios as 
in Figure 5-3. Panels (a) and (b) highlight the weaker features of the spectra. Tentative as­
signments of different transition are shown in the figure. From publication II. Copyright© 
2012 American Institute of Physics. 

The intensity-drops can be understood as efficient predissociation of the 
first IP-tier states to the doubly spin-excited valence states (I*-I*) upon 
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complexation of the h molecule in solid Kr, similarly to the pure Xe case.144 

However, this relaxation path can only be weakly observed in the lowest Xe­
doping ratios. Therefore, further studies of the isolated complex are necessary 
to fully confirm the relaxation channels for the complex from the IP manifolds. 
Also, the pump-probe studies utilizing the B- and the A-states as an intermedi­
ate step show no direct indication of the complex in the time-domain signals or 
in the relaxed emission from the different IP states used as a probe in these ex­
periments. 

5.2.2 Symmetry breaking of IP states 

The appearance of a new absorption in the VUV-region upon complexation of h 
with Xe is clear in Figure 5-3. We are tentatively proposing that this new com­
plex state is effectively the h(D) IP state, in which the inversion symmetry of the 
state (see Equation 2-1) is broken by the close interaction with the Xe atom. This 
leads to a state with a permanent dipole and strong instantaneous solvation of 
the state by the Kr environment (see Equation 2-5). The effect induced by the 
complexation would be very similar to what was observed in the relaxed emis­
sion of h IP states (D' and 8) in solid RGs. In these studies, where Yu and 
Coker42 simulated the experimental results of Helbing and Chergui,49 the envi­
ronmentally mediated (distortion of the matrix cage) symmetry breaking of the 
h IP states was used to explain the strong solvation shifts of the IP states in re­
laxed emission in solid RGs (Ar, Kr)-an effect apparently absent in the VUV 
absorption.49 In our case, however, the relaxation would not be necessary, due 
to the presence of a ground-state complex which will break the symmetry of the 
IP states directly in absorption. It can also be suggested that this phenomenon 
would only be observable in an asymmetric complex, where unequal interac­
tion with the different I atoms of the molecule is necessary to break the sym­
metry of the IP state. Thus the symmetry breaking would further indicate a lin­
ear complex in solid Kr, as has already been argued based on the higher stabil­
ity of the linear complex compared to the T-shaped complex.85

However, it must be stated that the exact nature of the complex transition 
is not fully understood at present. Another plausible explanation for the transi­
tion would be a direct charge-transfer (CT) transition between h and Xe, which 
can be expected to be very close in energy to the h first IP tier in solid Kr,42, so 

similar to the h-benzene complex.A1,A2 The two different mechanisms are illus­
trated in the following schematic equations, where Equation (5-1) illustrates the 
symmetry-breaking of the h D IP state and Equation (5-2) the charge-transfer 
between complex partners. 

12 - Xe + hv ➔ 12 - - Xe+ 

(5-1) 

(5-2) 
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Both presented mechanisms lead to states with a permanent dipole, which is 
strongly and instantaneously solvated (red-shifted) in the Kr environment. 
Thus, for definite assignment of the nature of the VUV absorption for the com­
plex, more experimental and theoretical studies are needed. However, this will 
not change the fact that the electronic transition at ro = 51200 cm-1 most likely
belongs to the h-Xe complex in solid Kr. The strongly red-shifted VUV­
absorption of h in pure solid Xe (see Figure 2-6b, Xe) is also a very interesting 
result. The red-shifting suggests that symmetries of the h IP states are broken in 
the Xe environment, even though a highly symmetrical salvation environment 
is apparently restored. 

5.3 Signatures of l2 clusters in solid Kr 

5.3.1 Cluster formation observed by Raman spectroscopy 

Figure 5-5a summarizes the experimental findings in publication III by showing 
two resonance Raman spectra of the same solid h/Kr sample at two different 
temperatures T = 32 K and T = 54 K. The experimental high-resolution Raman 
spectra (black and red spectra) are measured near the Raman fundamental tran­
sition of h in solid Kr. The black spectrum is measured directly after sample 
preparation at T = 32 K, and the red spectrum after the slow annealing of the 
same sample (1 K/ min) to T = 54 K. The initial black spectrum shows only sig­
na 1 from the isolated monomeric h molecule in solid Kr (211cm-1).61 The an­
nealed spectrum (T = 54 K) shows multiple additional Raman transitions be­
longing to the small h clusters (198-205 cm-1) and the bulk-like h species, as in­
dicated in Figure 5-5a. The presence of bulk-like h can be identified from the T 
= 54 K spectrum by the appearance of the intense Raman doublet (181 cm-1 and
190 cm-1), closely resembling the fundamental transitions observed for the bulk
crystalline h.48 

The small h clusters in the 198-205 cm-1 region are formed by aggregating
thermally mobilized monomers inside the crystalline Kr lattice. Figure 5-5b 
shows the relative integrated intensity of the monomer band (211 cm-1) com­
pared to the integrated intensity of the whole cluster region (198-205 cm-1) as a
function of temperature. The systematic relative increase of the cluster intensity 
compared to the monomer intensity establishes that the small clusters are 
formed by aggregating monomers in the temperature range T = 45-55 K. At 
higher temperatures (T > 52 K) the direct formation of bulk-type h species dom­
inates the thermally induced cluster formation kinetics (possibly assisted by 
laser heating). 

The most intense (red-shifted) Raman fundamental frequencies for (h)2-7
clusters, predicted by our DFT D level electronic structure calculations, are 
shown in comparison with the experimentally observed transitions in Figure 5-
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Sa (colored vertical lines). The calculated monomer fundamental (n = 1) is de­
picted with a black vertical line; the cluster transitions are identified by the col­
ored numbering, indicating the number of h molecules in the complex (n = 2-7). 
The calculated Raman fundamentals of h clusters are grouped in two distinct 
type of transitions (highlighted with black boxes): Transitions which are red­
shifted "" 10 cm-1 (198-205 cm-1) and transitions which show much stronger red­
shifting of "" 20 cm-1 from the monomer transition. The two-stage red-shifting 
behavior of the Raman transitions is intimately related to the size and the struc­
ture of clusters. The structural aspect of the red-shifting will be discussed in the 
next section. 
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Figure 5-5 a) Raman spectra of h/Kr sample at T = 32 and after annealing to T = 54 K (for 
an explanation of the colored lines, see text); b) Relative integrated intensity of the mono­
mer band compared to the cluster region (198-205 cm-1). Adapted from publication III. 

Copyright© 2009 American Chemical Society. 

The first stage of red-shifting (ea. 10 cm-1) appears for the smallest calcu­
lated h clusters, namely clusters (h)2-4. These three different cluster contribu­
tions can be resolved and identified in the Raman spectrum by closer inspection 
of the relative intensities as functions of temperature in the 198-205 cm-1 re­
gion.111 The second stage of red-shifting (ea. 20 cm-1) is expected only for the 
larger clusters with n � 5, as shown in Figure 5-Sa. 

The key to the successful observation of the small cluster species in the 
Raman spectrum of h-doped solid Kr is the instrumental resolution ("" 1 cm-1)
and the controlled thermal mobilization of the h monomers in the lattice. How­
ever, the h clusters can also be readily observed in solid Xe, as was shown in 
Figure 4-1. 
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5.3.2 Structural motif of the crystalline lz in small clusters 

Optimized gas-phase h cluster geometries from dimeric (2) to heptameric (7) 
iodine clusters are represented in Figure 5-6. All DFT-D-level optimized struc­
tures have planar-cluster geometry, and the complexes are con.lined in the b-c 
plane of the crystalline iodine lattice (see Figure 2-1). The numbers indicate the 
number of h molecules in the cluster, and the calculated Raman transitions in 
Figure 5-5a (colored lines) correspond to the structures shown in Figure 5-6. 
The emergence of a molecular packing orientation of the crystalline structure is 
qualitatively visible in the calculated minimum energy structures. The h bond 
distances (R12) show "" 70% of the bond elongation from the gas-phase molecule 

(Re(g) = 2.666 A22) to the bond length in a bulk solid (Re(s) = 2.715 A 18) in the
calculated range of (h)n clusters (n = 2-7). The closest intermolecular distances 

(Rvaw) show near convergence to the crystal structure in the same range of clus­
ter sizes. Similarly, approximately 60% of the total lattice energy (-63.8 
kJ/mol)23 is already covered in the largest heptameric cluster. 

The calculated Raman transitions in Figure 5-5a indicate that the transition 
energies show a similarly fast convergence to the two bulk-typP Raman transi­
tions in the small clusters. The origin of the two-stage shifting of Raman transi­
tions in h clusters becomes evident by inspecting the cluster structures in Fig­
ure 5-6. The first stage of the Raman shift("" 10 cm-1) is only observed in clusters 
with n = 2-4. The most red-shifted Raman frequency is always localized in the 
central h molecule, which shows only partial coordination to the other mole­
cules up to n = 4 (the other end of the molecule is practically free). The second 
stage of red-shifting ("" 20 cm-1) is observed in the calculated spectra when the 
fifth molecule is added to the cluster (n = 5). In this case the central molecule 
shows full coordination from all directions. The full coordination is thus associ­
ated with the large red shift observed in clusters with n > 4. 

The small iodine clusters show structurally and spectrally fast transitions 
from the isolated molecule limit to clusters with bulk crystal-like properties. 
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Figure 5-6 Optimized (h)n (n =2-7) cluster geometries at the DFT-D level of theory with 
P3LYP parameterization of the exchange-correlation functional. The horizontal and the 
vertical axes represent the band c crystalline axes of the solid Iz lattice. From publication III. 

Copyright© 2009 American Chemical Society. 

5.4 Signatures of Au102(p-MBA)44 in the condensed phase 

5.4.1 Electronic and vibrational signatures 

Absorption spectra of Au102(p-MBA)44 nanoclusters were measured from H2O 
and D2O solutions and thin films of solid-phase samples at room temperature. 
The absorption spectra were measured in the mid-IR to UV region (0.2 - 6 eV) 
from the liquid-phase samples, and in the mid-IR to near-IR (1-0.04 eV"" 8000-
400 cm-1) in solid-phase samples. Solid-phase samples were also recently meas­
ured in the far-IR region (140-600 cm-1) at T = 4.8 K.121 All spectroscopic meas­
urements were done on homodisperse Au102(p-MBA)44 samples prepared and 
purified by Prof. Kornberg's group (see Section 4.2).121 The experimental ab­
sorption results were compared to a theoretically calculated absorption spec­
trum of Au102(SMe)44 model cluster, obtained at the LR-TDDFT level of theory 
using the known structure of the Au102(p-MBA)44 .106
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Figure 5-7 shows the experimental electronic absorption spectra (red line, 
main picture, inset A) of a purified Au102(p-MBA)44 in a room-temperature H2O 
solution. The lowest portion of the spectrum �>0.5 eV is measured in D2O solu­
tion instead of H2O, to avoid the strong-OH stretch vibration(� 3200 cm-1) con­
tributions to the absorption spectrum in the low-energy region. The blue line in 
the main picture of Figure 5-7 is the calculated spectrum of the model cluster 
(see Figure 2-12). Note that the absolute molar absorption coefficient scale for 
the experimental and the theoretical spectrum are the same. Both spectra show 
four clearly distinguishable absorption features in 1.5-3.5 eV region marked 
with Roman numerals in the theoretical spectrum. These absorption features 
are reproduced in different measurements of the cluster, and the structures are 
attributed as the electronic signature features of the Au102(p-MBA)44 cluster. 
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Figure 5-7 Main picture) Molar absorption coefficients of the Au102(p-MBA)44 nanocluster 
in H2O/D2O solutions in the visible region. (A) Full absorption spectrum from mid-IR to 
lN. (B) Baseline corrected absorption spectrum highlighting the weak absorption features 
(I-IV). From publication IV. Copyright© 2012 American Chemical Society. 
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The positions of experimental electronic signature features are highlighted in 
Panel B of Figure 5-7, where the dominant unresolved absorption background 
is removed in the 1.5-3.5 eV region by arbitrary baseline correction with a linear 
function. This procedure merely emphasizes the absorption features otherwise 
difficult to observe. The spectrum also confirms that cluster does not exhibit 
plasmon resonance at 520 nm("" 2.4 eV) expected for larger clusters and colloi­
dal gold.119 
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Figure 5-8 Experimental and theoretical absorption spectra of the Au102(p-MBA)44 cluster in 
the NIR region (A) FTIR spectrum using photoacoustic detection (B) transmission FTIR (C). 
Calculated IR spectrum of single p-MBA thiol (D) Absorption spectrum from LR-TDDFT 
calculation (stick spectrum) and the convoluted spectrum (blue line). From publication IV. 
Copyright© 2012 American Chemical Society. 

The onset of electronic transitions is established experimentally by FTIR meas­
urements of solid-phase Au102(p-MBA)44 samples prepared as described in sec­
tion 4.2. Figure 5-8 shows the experimental spectra obtained by two independ­
ent measurements. The A and the B spectra are FTIR measurements using a 
photoacoustic detector (A) and a normal transmission geometry measurement 
through the solid sample with a liquid-nitrogen-cooled MCTB detector (B). 
Clear onset of electronic transitions can be seen in all experimental spectra at 
0.45 ± 0.5 eV (dashed line). Results agree extremely well with the calculated 
electronic onset at 0.55 eV which belongs to a transition localized at the cluster 
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core with a dominantly Au(6sp) to Au(6sp) intraband character (arrow) (see 
Figure 2-12). 

Figure 5-8 also shows the distinction between the vibrational transitions of 
p-MBA-thiol layer and the electronic transitions of the cluster. The sharp transi­
tions in the "" 0.2-0.04 eV region are different ligand vibrations, as shown by the
comparison with the theoretical spectrum of single p-MBA thiol (C). The broad
transition at the "" 0.3-0.4 eV region consists of hydrogen-bonded carboxylic acid
-OH vibrations and -OH vibrations of trapped water in the cluster. Interesting­
ly, when ligand exchange is performed for the Au102(p-MBA)44 cluster using
GSH, a clear indication of partial exchange can be observed in the vibrational
region, but the onset of electronic transition is not notably affected. IV

Figure 5-9 shows the far-IR region of the vibrational spectrum of Au102(p­
MBA)44.145 The transitions with energy above 400 cm-1 have been previously
observed in photoacoustic measurements of room-temperature samples.'V Our 
recent DFT calculations of the staple units (short and long staple units connect­
ed to two gold atoms mimicking the core of the cluster) suggest that the weak 
transitions below 400 cm-1 are vibrational modes involving Au-S stretch charac­
ter. The calculated Au'-S stretch vibrations of the two staple units are localized 
in the "" 320 - 380 cm-1 region. The experimental spectrum shows also a clear IR­
band in this region. According to the calculation, the lower-energy region ("" 190 
- 320 cm-1) contains vibration modes involving the Au-core (in the calculation of
two fixed Au atoms) and the ligand units. Similar results have been obtained in
previous studies of alkanethiolate-protected clusters where Au-S stretch vibra­
tions have been observed in the 170-270 cm-1 region.146 The vibrational transi­
tions above 400 cm-1 are ligand vibrations (involving bending motion). Interest­
ingly, the calculation predicts that the asymmetric shapes of the transitions
above 400 cm-1 most likely originate from two types of ligand units in Lhe
Au102(p-MBA)44 cluster.
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Figure 5-9 Far-IR spectrum of Au102(p-MBA)44 measured at T = 4.8 K. 

5.4.2 Electronic stability of Au102(p-MBA)44 
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The verified experimental existence of a HOMO-LUMO gap for the 
Au102(p-MBA)44 cluster, and a clear onset of electronic transitions over this band 
gap at 0.45 eV, establishes that the cluster shows finite-size effects and a molec­
ular-like behavior in the electronic spectroscopy. The existence of an experi­
mental HOMO-LUMO gap strongly suggests that the stability of this cluster 
must have an electronic origin, besides the structurally stabilizing ligand shel­
tering effects. The experimental results partially confirm the theoretical predic­
tion by Walter et al. of the 58 electron shell closure in this cluster, and the open­
ing of a significant band gap.107 The absorption results offer a way to indentify
the Au102(p-MBA)44 using common spectroscopic techniques, which can be used 
in various applications. The combined experimental results and the calculated 
spectra of Au102(SMe)44 also confirm the effectiveness of the LR-TDDFT descrip­
tion in predicting cluster properties in a fully quantitative manner. 

The FTIR result also indicates that the metal core of the cluster is very ro­
bust against partial ligand-exchange, which is a very important factor when 
atomically precise clusters are functionalized for various purposes. The recent 
far-IR measurement and the OFT calculations suggest a plausible Au-S stretch 
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origin for the very low-energy transitions observed in this cluster. The full spec­
troscopic characterization of Au102(p-MBA)44 is, however, the key result of pub­
lication IV. Studies of this intriguing "superatomic" nanocluster with accurate 
atomic composition will most certainly continue in the future. The results pre­
sented in publication l V are only a small piece in the puzzle in the attempt to 
define the unifying principles behind the stability of monolayer-protected clus­
ters and the factors defining their structure. It remains to be seen in the (very 
exciting) future if the electronic shell closures shown for Au102(p-MBA)44 also 
contribute to larger clusters, and what the extent of electronic stabilization in 
the "magically" stable Au clusters is. 
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SUMMARY 

Several iodine- and gold-containing molecular, complex, and cluster sys­
tems were studied using spectroscopic techniques ranging from far-IR FTIR 
measurements to vacuum-UV absorption measurements in condensed-phase 
environments. 

Molecular iodine in solid crystalline Xe was found to exhibit vibronic 
ZPLs and PSBs in the visible region B+-+X transition, indicating exceptionally 
long-lived electronic coherence between the electronic states in the condensed 
phase. The electronic signature for the isolated 1:1 h-Xe complex in solid crys­
talline Kr was found in the vacuum-UV absorption, with absorption maximum 
at approximately 51200 cm-1. The electronic transition is suggested to originate
from symmetry breaking of the h D ion-pair state in the complex and formation 
of a permanent dipole state. Vibrational signature features for neutral molecular 
iodine clusters were found using resonance Raman spectroscopy in solid Kr. 
Small (h)z-4 clusters were found to exhibit ""' 10 cm-1, and larger clusters (h) >5 ""' 

20 cm-1 red-shifts from the isolated h molecule. The red-shifting behavior in
iodine clusters is understood to originate from partial or full coordination of the 
central h molecule. Iodine clusters show a fast transition from the isolated mol­
ecule limit to the mesoscopic bulk limit in terms of the Raman shift and struc­
tural properties. 

Electronic and vibrational signatures of pure Au102(p-MBA)44 gold 
nanoclusters have been identified using absorption spectroscopy of liquid- and 
solid-phase samples in a region from far-IR to UV. Au102(p-MBA)44 has four 
electronic signature features in the NIR-visible region and an onset of electronic 
transitions at 0.45 eV. Vibrational signatures of the ligand layer and the Au-S 
interface have been observed and partially identified. The ligand exchange of p­
BMA thiols in an Au102(p-MBA)44 cluster does not notably affect the electronic 
onset, implying a structurally intact Au core after ligand exchange. The results 
establish the existence of the theoretically predicted HOMO-LUMO band gap 
for the Au102(p-MBA)44 cluster, suggesting an electronic origin for the stability 
of the cluster. 
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