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Abstract

We have developed a site-selective fluorescence-excitation spectroscopy
to measure hole-burning-free fluorescence-line-narrowing spectra including
zero-phonon fluorescence lines for a wide variety of disordered materials
incorporated with chromophores.

We have obtained the density of states of low-frequency host vibrational
modes weighted by the coupling strength between the electronic state of
the chromophore and the host vibrations (WDOS) for doped polymers,
sol-gel-derived inorganic gels and molecular glass by analyzing the site-
selective excitation spectrum at low temperatures. A universal feature has
been found in WDOS spectra not only for polymeric systems but also for
a number of molecular glasses when they are rescaled with respect to the
peak energies. Several theoretical models proposed previously are reviewed
and it is verified if they are appropriate for interpreting the universal
behavior of WDOS spectra.

Site-selective fluorescence spectra have been obtained at various temper-
atures below the glass transition temperatures for several molecular glasses
and compared with those calculated on the basis of the WDOS and the lin-
ear Frank-Condon interaction. In most cases, the calculated site-selective
fluorescence spectra have reproduced the measured ones fairly well up to
the glass transition temperatures, which indicates that the host vibrations
are regarded as harmonic modes at whole temperatures below the glass
transition temperature. In the case of chlorophyll b-doped 1-propanol

glass, however, the calculated spectra have deviated from the measured
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spectra even far below the glass transition temperature.

Nanosecond time-resolved site-selective fluorescence spectroscopy has
been performed for chlorophyll b-doped 1-propanol glass at 60K. Tem-
poral broadening of the fluorescence spectrum has been observed in the
nanosecond scale which strongly indicates the relaxational behavior occurs
even below the glass transition temperature. From these results, we set
forth a hypothesis that the solvent-shell which has the different structure
from the bulk glass is formed in the vicinity of a chromophore and the
melting of this shell is observed even at a glassy state temperature.

Our results of WDOS are compared with Raman and inelastic neutron
scattering data obtained by Sokolov’s research group and the frequency
dependence of the coupling coefficient in WDOS is discussed.

A new experimental technique to obtain the single-site absorption and
fluorescence spectra independently has been developed, where hole-burning,
site-selective fluorescence and fluorescence-excitation spectroscopies are
combined. The difference spectrum of the site-selective excitation spectra
before and after the hole-burning corresponds to the single-site absorption
spectrum, while the similar difference spectrum of site-selective fluores-
cence spectrum corresponds to the si‘ngle—site fluorescence spectrum. This
technique has been applied to a chlorin-doped polystyrene film and it
has been revealed that the mirror-symmetry relationship between single
site absorption and fluorescence spectra roughly holds in this case. This
result indicates that the optical spectra of this system can be roughly
interpreted in terms of the linear Frank-Condon-type electron-phonon in-
teraction which has been assumed in the analytical procedure of the de-
termination of WDOS.
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Chapter 1

Introduction

Numerous attempts have been made on the low-frequency vibrational
modes in disordered materials in recent years [1-36]. The vibrational den-
sity of states (DOS) of these modes in a perfect crystal can be approx-
imately described by the Debye continuum model and is well known to
be proportional to the square of vibrational frequency. In the case of dis-
ordered systems, however, the DOS in the low-frequency region does not
follow this power law of the vibrational frequency at all, which is supposed
to be caused by the nonuniformity in these materials.

A number of experimental studies using low-frequency Raman scattering
and inelastic neutron scattering have revealed so far that the anomalous
excess modes compared to the Debye phonon modes surely exist in the
low-frequency region, which has been called the Boson peak. This unique
shape of the DOS has been found not only for inorganic oxide glasses
[10,11,13-18,23-28] and organic polymers [1,2,7-10,12] but also for amor-
phous semiconductors [19-22] and molecular glasses [3-6,7,8]. The Boson
peak is usually observed at sufficiently low temperatures while the relax-
ational contribution is not negligible and overcomes Boson peak at higher
temperatures [3,4,9].

Malinovsky and his coworkers found the universal function for the densi-

ties of states of the low-frequency vibrational modes in polymers by means



of inelastic neutron scattering {12] and Raman scattering [13].

In addition, direct comparison between Raman and neutron scattering
spectra for polymeric systems has been made by Sokolov and cowork-
ers [7,8,10] and has clarified the vibrational frequency dependence of the
light-to-vibration coupling coefficient in the low-frequency Raman scatter-
ing spectra. It is surprising that thus obtained frequency dependence of
coupling coefficient is also universal among several polymeric systems they
examined. This result shed a new light on the study of low-frequency dy-
namics in disordered systems because it has a possibility to verify existing
- theoretical models.

Various theoretical models, on the other hand, have been proposed so
far to interpret the anomaly of DOS in disordered systems [12, 14, 15, 19,
23, 26, 34, 35, 36). For example, a fractal model is one of the most widely
accepted models to explain the anomaly in disordered materials such as sil-
ica aerogels [14-18,36] and amorphous semiconductors [19,20]. This model
assumes the fractal network geometry and the superlocalized vibrational
excitations in these disordered matrices. Malinovsky has proposed a clus-
ter model for the interpretation of his result about the universality of DOS
[11,13]. He concluded that the universal function he found could be derived
from the size distribution of clusters in disordered materials. Although,
as apparently shown in these examples, theoretical models proposed so far
have succeeded in explaining the low-frequency dynamics for their par-
ticular cases of disordered materials, most of them remain insufficient for
interpreting the universal behavior appeared in a fairly wide variety of
materials. For example, monomeric disordered materials have never been
concerned in the cluster model, where such a broad distribution of the
cluster size which is assumed in polymeric disordered systems can hardly
be considered. In the case of fractal models, it is still doubtful if all of

disordered materials including molecular glasses and polymers have fractal
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geometry.

One of motivations of our study in this thesis lies in the point, Why is
such an anomalous shape of DOS found in a wide variety of disordered
materials? We approach this theme from another point of view. Namely,
we intend to investigate the low-frequency dynamics probed by the fluores-

cence spectra of incorporated chromophore molecules at low temperatures.

Site-selection spectroscopies including the hole-burning and the site-
selective fluorescence, have been widely employed for various dye-doped
disordered materials [37-40,50,52-66,71,74,75]. Transition energies from
the electronic ground state to the excited state of a chromophore molecule
in a disordered matrix are usually inhomogeneously distributed, which is
caused by the inhomogeneity of the local configuration of the host matrix in
the vicinity of the chromophore. Absorption and conventional fluorescence
spectra for dye-doped disordered systems are broad and structureless be-
cause of this inhomogeneous broadening of the site-energy. Site-selection
techniques could be powerful tools to extract the homogeneous spectrum
from such an inhomogeneous broadening.

Ahn and coworkers succeeded for the first time in measuring the exact
intensities of both zero-phonon line and the phonon-sideband of the site-
selective fluorescence spectrum for organic polymers doped with porphyrin-
like dye molecules at low temperatures [61-65]. This result has been ob-
tained by utilizing the time-resolved technique together with the conven-
tional site-selection spectroscopy. Namely, they employed a synchronously
pumped cw mode-locked dye laser system as an excitation source and a
time-correlated single-phonon counting method for detection [67,68]. This
made it possible to determine the densities of states of low-frequency
vibrational modes weighted by the electron-vibration coupling strength

(WDOS) via the quantitative analysis. Although it had been widely known



before this work that the phonon-sideband component of the hole spec-
trum or the site-selective fluorescence spectrum contains information of
the low-frequency vibrational modes in host matrices, quantitative analy-
sis had not been performed because of the lack of the exact intensities of
the zero-phonon component.

It is no doubt that this development enables us to look more carefully
into the low-frequency dynamics on the local structure of the host matrices
in the vicinity of the dye molecule. This work has revealed that thus
obtained WDOS spectra only depend on the host matrices and are almost
identical between various polymers on a normalized scale with respect to
the peak frequencies of each WDOS spectra.

It is fairly important to examine whether the universal shape of the
WDOS spectra exists even for other disordered materials such as inor-
ganic gels and molecular glasses. However, site-selective fluorescence spec-
troscopy has only limited applications due to the hole-burning effects. Pho-
toexcitation of probe molecules often causes conformational change of the
surrounding host molecules in the disordered systems because of localized
degrees of freedom which is called two-level systems. In this case, long-
time irradiation of laser light for the measurement of fluorescence results
in persistent spectral hole burning and prevents quantitative analysis of
the site-selective fluorescence spectrum. This effect is particularly serious
for ionic dye-doped systems or dye-doped molecular glasses.

We have developed a hole-burning-free site-selective fluorescence spec-
troscopy, namely, the time-resolved site-selective fluorescence-excitation
spectroscopy [59,60]. This can be performed by using the continuous scan
of the wavelength of the tunable dye laser together with the time-correlated
single-photon counting method. This enables us to investigate the low-
frequency dynamics of a much wider variety of disordered materials. In

our investigation, we employed organic polymers, inorganic gels prepared



via the sol-gel method and alcoholic/non-alcoholic molecular glasses as

disordered materials.

In this thesis, we will present our experimental results for recent three
years concerning the low-frequency dynamics investigated via the site-
selective fluorescence and excitation spectra of incorporated dye molecules.

Theoretical backgrounds required for the interpretation of the site-selective
excitation spectrum, single-site absorption spectrum and WDOS will be
described in Chapter 2.

In Chapter 3, we will firstly show the experimental setup for the site-
selective excitation spectroscopy, then will present the chemical aspects of
our research: the way we chose both host materials and guest molecules
and the way we prepared the samples such as sol-gel glasses.

The main part of this thesis is Chapter 4 in which various experimental
results will be shown. In Section 1, we will present the results on the
conventional spectroscopy, i.e., absorption and conventional fluorescence
spectra for dye-doped molecular glasses. In Section 2 we will describe the
results of the site-selective excitation spectra together with the analytical
procedure to extract single-site spectrum. WDOSs for various dye-doped
disordered systems will be shown and compared with one another in Sec-
tion 3. The universality of WDOSs not only for polymeric matrices but
also for the monomeric molecular glasses will be presented in this sec-
tion. Previously obtained WDOSs for dye-doped organic polymers will be
compared to Raman or neutron scattering spectra in Section 4. Various
theoretical models which were proposed so far will be reviewed with re-
spect to the interpretation of the universal profile of WDOS in Section
5. In the latter part of this section we will present our standpoint that
the superlocalized vibration in the strongly disordered systems is most

likely the origin of the low-frequency modes which appeared in WDOS.



In Section 6, the temperature dependence of the site-selective fluorescence I
spectra will be shown together with that of the spectra calculated on the
basis of obtained WDOS. The local melting postulate derived from these
results will be presented in this section. We will describe the analytical
and experimental procedures of double-selection technique to determine
the single-site absorption and fluorescence spectra independently and then
‘will verify the validity of mirror-symmetry relation in these spectra in the
last section, Section 7. |

Finally we will conclude this study in the end of this thesis, in Chapter
5.



Chapter 2

Theoretical Background

2.1 Spectral shape function

In this section, we will obtain the general formulation of a single-site
absorption spectrum of an impurity center in a solid on the basis of a
dynamical theory.

The shape function of the absorption spectrum which corresponds to the
transition from the electronic ground state |g) to the excited state |e) can

be written as
ar(wijwo) o< - P 3= |(em|V|gn) | *6(w — wn) (2.1)
Wem - Wgn — hw, We() - Wgo = th . (2.2)

where wq, T, V and n,m indicate the operator of light-electron interaction,
lattice vibrational levels at |g) and |e) respectively, and F,, shows the

thermal distribution of the lattice vibration at |g)

. e—ﬂWgn
fon = o
n
1
_ . 2.3
=17 (2:3)

When the electric dipole approximation is employed for the light-localized

electron interaction, V' can be written as



(b6t ~ i ap). (2.4)

where d;*, d; are the photon creation and annihilation operators respec-
tively and /4;*, f; indicate the electric dipole-moment operators corre-
sponding to the transitions |g) — |e) and |e) — |g), respectively. Further,
V, €0 and w; are the volume of the space which provides the boundary con-
dition of the electromagnetic wave, the dielectric constant in the vacuum
and the angular frequency of the light with the mode number /.

Then Eq.(2.1) can be rewritten by using Eq.(2.4) as

ar(wi;wo) = ZPgn Z |(em|ﬂ+|gn)|2(5(w — wy)

1

= 27r/ dtZZPgn<gnlﬂ|e’m><em|u+|gn>e’(“’1 —w)t (2 5)

Eq.(2.5) can be described using the density matrix ;(5) = e~PH; as
R it .t
Te 0,6 — F)rtehe(Pis
Tr [44(B)]
> emon = 5 gnle™s|gn). (2.6)
n

Under these approximations, the shape function of the absorption spec-

1 .
ar(wi;wp) = o /_0; dte™?

trum is described as follows

2
arwiswo) = el [ gt (s, 27

where

ot
T [a5- 0
FO=——5per

Here we assume that only Frank-Condon linear term contributes to the

(2.8)

electron-phonon interaction. Namely, the curvatures of adiabatic poten-
tials at |g) and |e) are identical with each other and the displacement
between each of the potential minima is given as A. Then the following

equation holds:



lem(q)) = |gn(qg — A)). (2.9)

When we use g-expression

Tr(pj] = [ da(qlpilg) (=g (2.10)

in Eq.(2.8), it can be rewritten as

[[talos ~ Daa - Ala(o)lq - A)dgdz
J(alp(B)lg)dq ‘

When the wave function |q) is assumed as the harmonic oscillator, the

@) = (2.11)

following equation can be obtained as

|q> - ﬁ2nn'e-a—2LHn(aq)) (212)
where
H,(z) = & (_j:_r) /[ °:O ule~v Ty (2.13)

Substituting Eq.(2.12) and Eq.(2.13) into Eq.(2.11), we obtain the fol-

lowing equation:
f*(t) = exp—iwpt — (wWA?/2R){(2nr(w) + 1) — np(w)e™
~(nr(w) + 1)e™4], (2.14)
where nr(w) is a Bose factor.

Because the lattice vibration actually contains a number of harmonic

modes, Eq.(2.14) should be rewritten as

@) = exp[—iwgt — Y w/\A2{(2nT(w,\) +1)— nT(w/\)eiw,\t

Y 2h
—(nr(wy) +1)e™*}]
= exp{—iwpt + Sr(t) — Sr(0)} (2.15)

where



Sr(t) = [ ” dws(w) {(nr(w) + 1)e ™ + nr(w)e™!) (2.16)

and
 waAy?
s(w) = X/\: o, S(w — wa)
= §;£A25(w—wx)- (2.17)

Here, s(w) shows the density of phonon states weighted by the strength
of electron-phonon coupling ¢2 (hereafter abbreviated as WDOS). When
we substitute Eq.(2.15) into Eq.(2.7) and then normalize the total integral
of ar(wi;wp) to unity, we finally obtain the shape function of single-site

absorption spectrum as follows:
1 . |
ar(wi;wo) = 5 / °:o dtexp{i(w1 — wo)t + S7(t) — Sr(0)}. (2.18)

The experimentally-measured absorption spectrum Ags(w) is propor-

tional to war(w) instead of ar(w).
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2.2 Weighted density of phonon states

When we assume that only the linear Frank-Condon-type interaction
contributes to the electron-phonon coupling, a mirror-symmetry relation
holds between the shape function of the single-site absorption and fluo-
rescence spectra, because the phonon frequencies of the electronic ground
state |g) and the excited state |e) are strictly identical under such an as-
sumption.

Therefore, the shape function of the single-site fluorescence spectrum

can be described as
1 :
Frlwpiwo) = o / °:o dt exp{i(wo — wp)t + Sr(t) — Sr(0)}, (2.19)

where w, and wy represent the angular frequency of light and that of
the zero-phonon line, respectively. Replacing wy with w =wp—wp in

Eq.(2.19), we obtain the following equation:

fr(w) = %/oo dteiteSrt)g=5(0), (2.20)
mJ—0o
eS1(t) in Eq.(2.20) can be expanded by employing Taylor-expansion as
(m)
0 t
eSt(t) — EOEJ%)'_]__. (2.21)
m= :

Inverse Fourier transform of Sr(t) in Eq.(2.16) is described as follows:

sr(w) = % [ dtsr(t)e
= s(w){nr(w)+ 1} + s(—w)nr(—w), (2.22)

where sr(w) is called the phonon function. Eq.(2.22) indicates that the
phonon function at finite temperature 1" can be obtained by using the
phonon function at 0K s(w) (WDOS) and Bose factor ny(w).

The first and the second terms of the right side of Eq.(2.22) correspond to
the Stokes component caused by creation of phonons and the anti-Stokes

component due to annihilation of phonons, respectively.
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When we substitute Eq.(2.21) into Eq.(2.19) and replace €57 as ar,

the following relation can be derived:

fr(w) = arb(w) + &r(w), (2.23)
where
Sr(w) = mi’::l 3 (w)
- 2%% [7 dtesp(t)]™. (2.24)

In Eqs.(2.23) and (2.24), §(w), ®r(w) and a7 represent the zero-phonon
fluorescence line, the phonon-sideband and Debye—Wa,]ler» factor, respec-
tively.

<I>§,f" )in Eq.(2.24), which means the m-phonon contribution in the phonon-

sideband ®r(w), can be expressed using sr(w) as
m Qoo 00 00
@g" )(w) = ﬁ/_w dw f_oo dws - - -/_oo dwmst(w1)sT(w?)
X -+ Sp(wm)6(w — w1 — w2 -+ — wp). (2.25)

When we multiply both sides of Eq.(2.24) by e“i“’t,, perform an integra-
tion over w and substitute Eq.(2.19), then we obtain the following equa-

tion:
[° dwlr(w)e ™ = o [eST(t') -1]. (2.26)

When we differentiate Eq.(2.26) by t and perform reverse Fourier trans-

form, the following integral equation is derived:
wdr(w) = agwsr(w) + /_O:o dw B (w - ww sp(w). (2.27)

At T=0, Eq.(2.27) can be expressed as

/

| wp(w) = agws()(w) + /Ow dw' ®o(w — w )w'sp(w'). (2.28)

12



In this integral equation, ®y(w) corresponds approximately to the phonon-
sideband of the single-site fluorescence spectrum obtained from the site-
selective fluorescence spectrum at liquid helium temperature. The Debye-
Waller factor ay(w), which corresponds to the ration of the integral inten-
sity of the zero-phonon line to that of the total fluorescence spectrum, is
also determined experimentally from the site-selective fluorescence spec-
trum.

In conclusion, WDOS sy(w) = s(w) can be determined by solving Eq.(2.28)

numerically.
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2.3 Site-selective fluorescence and excitation spectra

We illustrate in this section that the single-site spectrum can be obtained
from the site-selective fluorescence or fluorescence-excitation spectrum.

Actual single-site absorption and fluorescence spectra ap(w), fy(w) are
expressed by using the shape functions ar(w), fr(w) discussed in the pre-

ceding sections as

a’T(w) x war(w),
frw) o« W frw). (2.29)

When we use relations in Eq.(2.29) and furthermore assume that the
single-site speétrum is site-energy-independent, which seems to be ade-
quate for the host-guest systems we investigate, site-selective fluorescence
(SSF) and fluorescence-excitation (SSE) spectra can be described exactly

in the same form as
F(wywy) /G(w')wLaT(wL — "W fp(w — W dw, (2.30)

where w and wj, represent the angular frequency of the detected fluores-
cence and that of the exciting tunable laser, respectively. G(w') shows the
site-energy distribution function. The difference between SSF and SSE
only lies in the scanning parameters, w for SSF and wy, for SSE, respec-
tively.

When we divide the shape functions of single-site absorption/fluorescence

spectra into two components, zero-phonon lines and phonon-sidebands, as
aT(wL — w’) = azpl(wL — w') + a,psb(wL — w’)
= §(wp — w') + apsp{wy — ') (2.31)
frw=u") = fi(w—w)+ fpsp(w — ')
= §(w—w) + fusp(w — o), (2.32)

14



then Eq.(2.30) can be rewritten as the sum of four components as follows:
F(w;wr) « wriG(wr)
+wrw?G(wr) fpsp(w — wy)
+ww? G(w) aps(wr, — w)

+wLw3/G(w’)apsb(wL — W) fpsp(w — w)dw'. (2.33)

The first and the second components correspond to the zero-phonon and
the phonon-sideband fluorescence caused by the resonant zero-phonon ab-
sorption, respectively. The third and the last components, on the other
hand, correspond to the zero-phonon and the phonon-sideband fluores-
cence due to the phonon—sideband absorption, respectively. The site-
energy distribution function G(w') can be obtained from the first compo-
nent, which can be experimentally determined by plotting the fluorescence
intensity of the zero-phonon line with a fixed power of the excitation laser.

It can be found that, as seen in Eq.(2.30), the shape functions of single-
site absorption ar(wy—w’) and the single-site fluorescence fr(w—w') cannot
be determined independently from the experimental results F'(w;wy) and
G(w'). Hence, in order to solve Eq.(2.30) numerically, we need an assump-
tion that the mirror symmetry relation holds between the shape functions

of single-site absorption and fluorescence as
fr(w— o) =arW —w). (2.34)

This felationship holds if we assume that only the linear Frank-Condon
electron-phonon interaction contributes to the optical spectrum at low
temperatures. This assumption seems to be valid in the cases of our sam-
ples with a fairly weak electron-phonon coupling, which will be discussed
more carefully in the later section. Employing this mirror symmetry rela-

tion in Eq.(2.30), we finally obtain the following equation:
F(w;wr) « /G(w')wLaT(wL —wwiap(w' — w)dw'. (2.35)
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It is obvious that the shape function of the single-site spectrum ar(wr — ')
can be obtained from experimentally determined site-selective fluores-
cence/excitation spectrum F'(w;wr) and the site-energy distribution func-
tion G(w').
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Chapter 3

Experiment

3.1 Experimental setup

In this section, we will describe the experimental setup for the site-
selective fluorescence/fluorescence-excitation spectroscopy in detail. It
is particularly noteworthy that we employed the time-correlated single-
photon counting method combined with the site-selective fluorescence mea-
surement, which enabled us to measure the zero-phonon fluorescence in-
tensity quantitatively for dye-doped disordered systems without suffering
from the scattering of excitation laser light. It should also be noted that we
have succeeded in obtaining the hole-burning-free site-selective excitation
spectrum including zero-phonon fluorescence line for the first time.

- This technique makes it possible to determine the weighted demnsity of
states of low-frequency vibrational modes for a number of dye-doped disor-
dered materials with high hole-burning efficiencies such as organic molec-

ular glasses and sol-gel-derived inorganic gels.

3.1.1 Laser system

Our experimental setup employed for the excitation laser system is shown
in Fig.1.

We employed a cw mode-locked dye lasers system (Spectra Physics model
376B) synchronously pumped by a cw mode-locked Ar* ion laser (Spectra
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Physics model 2020) as an excitation source. A DCM dye laser was used
for the tunable light source of site-selective fluorescence spectroscopy in
most cases, while R6G dye laser was used for the excitation source only
when we measured the selective fluorescence spectra at the higher energy
side of the site-energy distribution in oxazine 4-doped SiO; gel. Both dyes
DCM and R6G were purchased from Exciton Inc. The frequency of the
AO modulation in the mode-locker driver was set to about 41MHz, which
produced the cw mode-locked pulses with their intervals of 12.2ns. This
DCM-tunable dye laser system provided light pulses in the spectral range
of 630-690nm with a pulse duration of less than 10 ps and an average
power of 50mW. |

The lasing wavelength could be selected by adjusting the angle of an
intracavity-placed birefringent filter which was rotated by the stepping
motor. This motor was controlled by the pulse motor controller(Ampére
PPMDA805), which was in turn controlled by the personal computer(PC).

The output power of the dye laser was reduced to about 25mW by a
neutral density filter and then was stabilized by an external laser power
controller(Thorlabs CR200A). We confirmed that it could stabilize the
output power of the dye laser during the wavelength scan with a relatively
“high scanning speed. ' |

The stabilized laser light went through the first wedged substrate(WS1)
dividing the incident beam into two reflected beams and one transmit-
ted one. One of the reflected beams was led to the photodetector(PD1)
for monitoring the stability of the laser power. The other reflected part
first passed through the solid-gap etalon(CVI, FSR~4.9cm™!) and then
the transmitted interference signal was detected by another photodetec-
tor(PD2). Both signals detected by PD1 and PD2 were converted to digital
signals by a 2ch-A/D converter(Union Data UAD98WA) and then stored
in the computer PC.
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The transmitted beam at WS1 was again split to three parts by another
wedge-shaped substrate(WS2). One of the reflected beams was focused
onto a fast pin-type photodiode, whose output signal was used as a stop
pulse of a time-to-amplitude converter in the time-correlated single photon
counting system. Another part of the reflected beams was used to measure
roughly the wavelength of the dye laser by a 0.25-m single-grating portable
monochromator(Nikon G250). These two wedged substrates are much
more useful in minimizing the fluctuation of the output light due to the
interference effect than the standard glass plates.

The power of the transmitted laser beam was again reduced to 4W order
by using an absorption-type neutral density filter (also chosen to mini-
mized interference). The laser beam was passed through a polarizer sheet
(PL1) in order to select polarization perpendicular to the experimental
bench, and was finally used as an excitation source.

The excitation power was finally reduced to 0.5~5uW, which was de-
termined for each experiment considering the hole-burning efficiency and
the fluorescence quantum efficiency of each sample. The spot size at the
surface of the sample was about ¢1lmm, which corresponds to the power
density of about 0.1~1mW/cm?. Any focusing lenses were not used in
front of the samples to minimize the excitation power density and hence
to minimize the hole-burning effect.

The power instability of the excitation laser light while scanning the
laser wavelength for any unexpected reasons, including the wavelength-
dependence of the transmittance of the polarizer and the neutral density
filter, was carefully checked by using a photodetector replaced with the

cryostat before starting our measurement sequences.
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3.1.2 Detection system

Fluorescence from the sample was analyzed by a single monochromator
(Chromatix CT103, 1-m focal length, F=6.8) and detected by a cooled
photomultiplier (Hamamatsu R928p). The cross-polarized analyzer sheet
(PL2) in front of the entrance slit of the monochromator played an impor-
tant role in minimizing the perpendicularly polarized scattered laser light
which mainly originated from the surface of the sample or the inner part
of the cryostat. In the case of polymers or inorganic gels with an excellent
optical quality, most of the scattered light could be easily removed by using
this polarizer-analyzer pair. In most cases of liquid-quenched molecular
glasses, however, the frozen sample had a number of microcracks and local
strains which caused randomly polarized scattering light. In this case, it is
quite difficult to improve markedly the fluorescence-scattering ratio only
by using the polarizer-analyzer pair and accordingly the rejection of the
scattered Héht using the time-domain method plays an indispensable role,
which will be discussed later.

The mount of the cryostat was specially designed to be movable me-
chanically in both horizontal and vertical directions, which greatly helps
us to select a position of the sample with the best optical quality for laser
excitation.

Absorption spectra were also measured by using a 50W tungsten lamp,
which is focused on the sample with exactly the same size of the excitation
light. The power of this light was reduced by using neutral density filters
to the order of uW at the surface of the sample.

3.1.3 Cryogenic system

For organic polymers, a section of film of uniform color was cut from the

dried film and was used as a sample. For inorganic gels, a fragment with
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appropriate size (~5mmx5mm) was used. A special care was taken for
~ liquid-quenched molecular glasses because almost all of the liquids chosen
as samples have fairly low melting points and thereby should be prevented
from vaporization during the loading process of samples. A previously
prepared dye solution was poured quickly into a glass cell with the di-
mensions of 10x10x1mm3 stored in ice water. As soon as filled up, it
was sealed up tightly at the top of the cell. Thus prepared samples were
placed in a continuous-flow liquid-helium cryostat (Oxford CF1204). To
obtain a liquid-quenched glass with a good optical quality, the cooling rate
was set at the maximum value of our cryogenic system (~10K/min). The
temperature of the sample was monitored by a thermocouple during the

measurement and was controlled within +0.5K.

3.1.4 Electronic devices

The time-correlated single-photon counting technique is frequently em-
ployed for the measurement of fluorescence lifetime with the order of
nanoseconds and microseconds and was described elsewhere in detail [67,
68]. The positive pulse signal with a duration of ~1nsec was negatively
amplified by a 300MHz preamplifier (Kuranishi WP11), discriminated
(EG&G T105/NL), and was fed into a time-to-amplitude converter (TAC,
Ortec 467) as a stop pulse of time-correlated single photon counting (TC-
SPC). The negative output pulse from the photomultiplier was also dis-
criminated (Ortec Constant Fraction Discriminator 583), delayed (Ortec
425A) and was fed into TAC as a start pulse of TCSPC. Since TAC con-
verts the time interval between the start and stop pulses into output pulse
amplitude, the pulse-height distribution of the output of TAC gives the .
time profile of the photon-detection probability by the photomultiplier.
The output pulse was analyzed by a multichannel analyzer (Canberra se-

ries 35-plus) and then transmitted to another personal computer. Out-
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put pulses from the photomultiplier were also counted by a gated photon
counter (Stanford Research SR400) and then were collected by the com-
puter PC2. This non-time-resolved counts are also used as experimental

data, which will be described in the later section.
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3.2 Sample preparation

3.2.1 Chlorophyll b

We employed chlorophyll b as a dopant molecule for most of the molec-
ular glasses we investigated because of its advantages compared with other
dyes [52-56].

Chlorophyll b has a similar structure to other chlorins including chlorin-
eg and bacteriochlorins. A chlorin ring which is commonly contained in
these chlorin-type molecules is one of variations of a porphyrin ring, where
one of tetrapyrroles of porphyrin ring which causes the large m-electronic
system is oxidized. Chlorophyll b is characteristic in comparison with other
chlorins with respect to a long hydrocarbon side group and a cyclopen-
tanone ring which coexists with a chlorin ring as a part of the m-electronic
system. ,

It should be noted that chlorophyll b has a solubility into alcoholic sol-
vents, which cannot usually be seen in porphyrins without any hydrophilic
side groups. It may be interpretable as the effect of hydrogen-bonds be-
tween the alcoholic molecules and the oxygen atom in a cyclopentanone
ring of chlorophyll b. In addition, chlorophyll b is also soluble into ben-
zene and alkylbenzenes such as toluene and isopropylbenzene, which can
be roughly explained if we consider that the polarity of chlorophyll b is
not so high compared with other chlorins due to the long hydrocarbon
side-group. Chlorin ring itself has a centro-asymmetric structure as de-
scribed above and hence is polar by nature, which enables us to explain
the insolubility of chlorins to benzene and alkylbenzenes. In the case of
chlorophyll b, however, its polarity might be canceled by the existence of
the large nonpolar side-group. This may explain why chlorophyll b has a
solubility to nonpolar solvents. '

We conclude that chlorophyll b is especially suitable for our aim of re-
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search to investigate the low-frequency dynamics of glass-forming liquids

because of its solubility in a variety of organic solvents.

Chlorophyll b (CAS 1n0.519-62-0, MW=907.51) was extracted from leaves
of spinach. Detailed procedure of extraction of chlorophyll b is described
elsewhere and hence is omitted in this article. Chlorophyll b was employed
not only as solute of organic solvents but also as that of polystyrene ma-
trix.

A great care should be taken to handle chlorophyll b molecule because
of its extremely high light-sensitivity in the solution form. For example,
hydroxylic solution of chlorophyll b can be completely bleached within
several hours under the daylight. Chlorophyll b was dissolved into various
solvents in the dark. The solution was bubbled with a nitrogen gas, tightly

sealed, and stored in the dark.

3.2.2 Other dyes and polymer samples

Because chlorophyll b cannot be used as a dopant of sol-gel inorganic
matrices due to the irresistibility to an acid condition and some of organic
polymers due to insolubility to them, alternatives of chlorophyll b have to
be chosen for these applications.

Zn-phthalocyanine (ZnPc) was particularly selected only for the dopant
of poly(butyl acrylate) (PBA, Aldrich), because most of dyes, whose elec-
tronic states are known to be weakly coupled to the host vibrations, could
not be dispersed successfully into PBA.

Oxazine 4 perchlorate was one of the best choices for the dopant of sol-
gel-derived matrices because it has a fairly high heat- and acid-resistibility
and a weak electron-phonon coupling strength. Although free base por-
phyrins might be also incorporated into sol-gel matrices, they are known to

coexist as a dication form (H,;P**) and a neutral form (H2P) in inorganic
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gels, which are possibly caused by the residual silanol groups remaining
unreacted in gels. In the case of metal-substituted porphyrins, on the other
hand, they cannot be dispersed into gel matrices as their original forms
because the metal atoms in them tend to be removed under the acid con-
dition required for gelation process. Oxazine 4 was also used as a dopant
of poly(vinyl butyral) (PVB, purchased from Nakarai Tesque). ZnPc and
oxazine 4 were purchased from Aldrich and Eastman Kodak, respectively.
Mg-octaethylporphyrin (MgOEP) was employed as an alternative dopant
of chlorophyll b into nonpolar molecular glasses. MgOEP (CAS no.20190-
35-4, MW=557.09) was prepared by a variant of the method by Fuhrhop
and Mauzerall.

Molecular structures of all of the dye molecules we employed are shown

in Fig.3.

Dye-doped polymer samples were prepared by mixing dye solutions with
polymer solutions, casting them onto glass plates and drying them in the
dark for several days. Colored transparent films were finally obtained with
an optical density of ~1.0 at the absorption maximum.

In the case of poly(butyl acrylate) (PBA), however, its glass transition
temperature is lower than the room temperature and hence it exhibits a
highly viscous liquid. Therefore, dye-doped PBA was put directly onto
the slide glass and used as a sample.

Chemical structures of organic polymers we used as samples are shown

in Fig.4.

3.2.3 Sol-gel method

Chromophore-doped inorganic gels were prepared by a so-called sol-gel
technique. This novel technique enables one to make an inorganic glass at

room temperature from the alkoxide solution via hydrolysis and polycon-
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densation processes. Incorporation of organic dye molecules into inorganic
host matrices has not been achieved due to heat-irresistibility of organic
dyes until the sol-gel method was developed. Much attention has been
paid on both the basic property and possibility for applications of sol-gel

derived inorganic and organic-inorganic hybrid glasses in the last decade.

The procedure of sample preparation by the sol-gel method is as follows.

To begin with, the initial solution containing tetraethoxysilane (TEOS),
tetraisopropoxytitanate (TPOT) (only used for SiOo~TiO2 bicomponent
gel), ethanol and oxazine 4 perchlorate were mixed and stirred by a mag-
netic stirrer for an hour. This mixed solution was kept at about 75°C,
near the boiling temperature of ethanol, under reflux. Alkoxides TEOS
and TPOT were purchased from Nakarai Tesque. Next, the mixed solu-
tion was still continuously stirred while pouring 0.1N hydrochloric acid
quite slowly as an acid catalyst for hydrolysis reaction. The solution was
stirred one more hour after finishing adding the acid and then poured into
a polystyrene container. After heating it up to 70°C to evaporate ethanol
and water for 20 days, finally we obtained a dried transparent gel whose
optical density is about 1.0 at the absorption maximum in the visible
region. |

The molar ratio of materials for preparing our samples is listed in Ta-
ble.1.

'H-NMR spectroscopy has revealed that, in acid-catalyzed sol-gel re-
action, linearly linked siloxane (=Si-O-Si=) chain grows in the mixed
solution, which seems to be considerably different from the case of fused

silica with a dense, three-dimensional linkage [80].
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3.2.4 Molecular glasses

Glass-forming solvents we investigated can be divided into three groups,

alcohols, alkylbenzenes and alkanes.
Alcohols

Rigid structure due to hydrogen bonds between hydroxyl groups of in- -
dividual molecules is possibly expected in alcoholic glasses. It can also be
considered that the structures of alcohol glasses with two or three hydroxyl
groups are more rigid and network-like compared with that of monohy-
droxyl alcohols. This structural difference may be also reflected on the
difference of the glass transition temperature (7},) and the accessibility to
a glassy state. Alcohols with m-hydroxyl groups (m=2,3) and the number
of carbons n(C)=3 are highly viscous even at room temperature and have
relatively high Tgs (160< Ty <180). Glassy states of these alcohols can be
quite easily obtained even under moderate cooling rate [3,4].

In contrast, monohydroxylic alcohols with 7(C)=3 or 4 have lower vis-
cosity at room temperature and lower 7, (100< T, <140 in most cases)
than those for multi-hydroxylic alcohols [5, 29]. To our knowledge, the
glassy states for monohydroxylic alcohols can be obtained under the quick
quenching in the case of 3< n(C) <6. On the contrary, it is much difficult
to obtain a uniform glassy state for alcohols with n(C) <2 or n(C) >7
where polycrystallization occurs even under quick quenching and snow-like

solids are obtained.

Alcoholic solvents, 1-propanol, 2-propanol, 1-butanol, 2-butanol, propy-
lene glycol, trimethylene glyéol and glycerol are all purchased from Nakarai
Tesque and used as solvents of our samples without further purification
and dehydration treatment. These alcohols are selected with respect to its
small n(C)(=3 or 4), low glass-transition temperature (100K< T, <160K
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in most cases) and variation of the number of hydroxyl group m contained
in a single molecule (m=1 for propanols and butanols, m=2 for two glycols
and m=3 for glycerol). |

A small content (less than 1%) of residual water might be involved in
these alcoholic solvents without any dehydration treatment. Renge sug-
gested that water molecules have higher ligation efficiency to the mag-
nesium atom centered in a chlorophyll molecule than that of alcoholic
molecules [69]. A doubt may arise if the WDOS profiles of chlorophyll -
b-doped alcoholic solvents are not determined by the alcoholic solvent
molecules themselves, but merely by the small amount of water molecules
which are effectively ligated to the chlorophyll molecule.

Such a problem, however, is not supposed to be so serious in the case of
our aim of research, because the low-frequency vibrations we are looking
into are caused not by the motion of a single solvent molecule but by that
of the structure containing a number of solvent molecules located around
the dye molecule [72]. The variety of the peak frequency of WDOS for
frozen alcohol solutions, described in the later sections, clearly shows the

validity of the above discussion.

Alkylbenzenes and alkanes

In contrast with the rigid structure in alcoholic glasses, a more fragile
structure caused by the weak Van der Waals intermolecular forces may be
formed in alkylbenzenes and alkanes.

Benzene itself is never vitrified even under the fastest quenching, while
benzene derivatives with side groups of hydrocarbons, which are called
alkylbenzenes, are vitrifiable under a certain cooling condition [5].

Alkanes are also known to be polycrystalized with some exceptions un-
der the normal cooling conditions. n-alkanes with n(C) > 6 form semi-

crystalline phases by fast cooling, which are called Spol’skii matrix [52,
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53]. Some of alkanes with side branches, on the other hand, can be vit-
rified with fast quenching, which may be caused by the steric hindrance
effect of these branched molecules.

Benzene, toluene, isopropylbenzene and 3-methypentane were used as
solvents in this work which are all puréhased from Nakarai Tesque.

The molecular structures of organic solvents we employed are listed in
Fig.5. Parameters such as molecular weights and glass transition temper-
atures for these solvents are also listed in Table.2 4, 5, 29, 31].
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Chapter 4

Results and discussion

4.1 Conventional spectroscopy in dye-doped molec-
ular glasses

In this section, we show results of the stationary absorption and off-
resonantly excited fluorescence spectra for dye-doped molecular glasses.
Absorption spectra for these systems are more complicated than that for
doped polymers, which is supposed to be caused by the variety of local
configuration around each dye molecule in the glassy state. These systems
are also useful in examining the spectral change accompanied by the glass
transition because the glass transition temperatures of them are far below
the ambient temperatures and therefore the spectroscopic research can be

easily performed for both fluid state and glassy state.

4.1.1 Chlorophyll b-doped alcoholic solutions

Fig.6 shows the absorption spectrum of chlorophyll b-doped 1-butanol, 2-
butanol and 1-propanol solutions at 300K and 4K. All these solvents are
in fluid states at 300K and in glassy states at 4K. Absorption spectra for
these solutions at room temperature are almost identical with one another,
which have Gaussian-like @,-bands with peak wavelengths of about 6480A
and Soret bands (B bands) with those of 4670A[69). At 4K, however, the

shape of (),-band in each frozen solution varies with one another and is not
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Gaussian-like. Two Gaussian components with peak WaVelengths of 6580A
and 6620A whose intensity ratio varies with each alcoholic solvent, may
contribute to the unusual shapes of Q)-bands at 4K. This shape function
is supposed to appear by the splitting of the energy level in the lowest
excited state due to the different configuration of the surrounding frozen
solvent molecules, which is caused during the process of vitrification.

We should mention the possibility that chlorophyll dimers in frozen
solvents might cause the additional band in the ¢, band region. The
dimer band was found also in the lower energy side of monomer band in
chlorophyll a-doped polystyrene film [74] and n-hexane solution with a
high dopant concentration more than 103M [81]. In our case of frozen
alcoholic solution, however, the dopant concentration is sufficiently low.
And more, such an additional band does not appear at room temperature
in our case. Therefore, it is quite hard to consider the possibility of the
existence of chlorophyll dimers. In conclusion, we may be able to say that
the origin of the lower band in our case is not the chlorophyll dimers but
the splitting of energy levels due to the difference in local configuration of

solvent molecules.

Temperature dependence of ()-band absorption

It is also remarkable in Fig.6 that the peak energies of both (), and Soret
absorption bands shift to the lower energies with decreasing temperature.
This temperature-dependence in the absorption band could only be seen
in the fluid state. In contrast, absorption spectra obtained at various
temperatures below T, were fairly identical for all of the alcoholic glasses
doped with chlorophyll b we investigated. This can be well interpreted
by considering the temperature dependence of the site-energy distribution
function. The site-energy of each dye molecule is different from one another

due to the difference of local configuration of solvent molecules. Each
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configuration is supposed to be completely frozen at glassy state below
T,, which may cause the site-energy distribution.

Temperature dependence of the absorption maximum energy at fluid
state is then roughly estimated by the polarity of both solvent and solute
molecules and by the temperature-dependence of the refractive index of
host matrices. As a matter of fact, the peak shift to lower energy with
decreasing temperature was also found in the case of toluene-benzene-
mixture doped with chlorophyll-b and also in 3-methylpentane doped
with octaethylchlorin (OEC), while the reverse temperature-dependence,
namely, the peak shift to higher energy with decreasing temperature, was
found in 3-methypentane doped with Mg-octaethylporphyrin.

When we calculate the resonance fluorescence spectra at temperatures
higher than 4K by employing WDOS spectrum obtained at 4K, the deter-
mination of site-energy distribution function is always required at every
temperature. The site-energy distribution function obtained at 4K was,
however, also applied for calculation at temperatures higher than 4K in

accordance with the discussion shown above.

Fluorescence spectra and site-energy distributions

Absorption and ordinary fluorescence spectra at 4K for chlorophyll b-
doped alcoholic glasses are superimposed in Fig.7. In contrast with the
case of absorption spectra shown above, fluorescence spectra obtained for
the doped glasses resemble with one another with a peak wavelength of
~6710A . o

Although it remains unclear why such a similarity appears only in the
fluorescence spectra, it might possibly be explained by assuming the low
quantum yield of the higher energy part of the @), absorption band.

Ordinary fluorescence spectra were obtained using 5145A line of an Art-

ion laser as the excitation light. These fluorescence spectra have been
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corrected for the reabsorption effect as follows:

AT(wL) + AT(w)

Fr{w,wr) =
r( L) 1— 10—[AT(WL)+AT(W)

]Fll’(wawL)a (4°1)

where Fr(w,wr) and Fr(w,wr) represent the fluorescence spectra before
and after the correction respectively, and Ar(w) is the optical density at
w.

When we employ 5145A line as the excitation light of chlorophyll-doped
glasses, it can be considered that all of the chromophore molecules are
off-resonantly excited and therefore all sites in the site-energy distribution

uniformly contribute to the ordinary fluorescence spectrum as follows:

Fora(w) o< [ G(w)w fr(w — w')du'. (4.2)

Accordingly, the shape of the higher energy side of F,.4(w) can be re-
garded as the shape of the higher energy side of the site-energy distribution
if the electron-phonon coupling is sufficiently weak and the contribution
of the phonon sideband in fr(w — ') is small.

On the other hand, since the absorption spectrum of chromophores in-

corporated in the solid-state materials is described as
A(w) x /G(w’)waT(w — w')dw', | (4.3)

the shape of the lower-energy side of the absorption spectrum A(w) corresponds
to the lower-energy side of the site-energy distribution in the case of sys-
tems with weak electron-phonon coupling.

In conclusion, the site-energy distribution function G(w’) can be esti-
mated as the shape of the overlapped area between the absorption and
off-resonance fluorescence spectra.

In Fig.7, Gaussian functions fitted both for the higher energy side of
- fr(w) and for the lower energy side of ar(w) are shown together with

absorption and fluorescence spectra. Although being a rough estimation,
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this can reproduce fairly well the experimentally obtained site-energy dis-
tribution in most cases. Examples will be shown in a later section.
Furthermore, thus obtained Gaussian functions for these samples re-
semble quite well with one another with respect to both the bandwidth
and the peak energy, which reveals that the distribution of site-energy at
frozen state does not apparently depend on the species of solvent molecules

themselves.

4.1.2 MgOEP-doped non-alcoholic glasses

Fig.8 shows the absorption spectra of MgOEP-doped isopropylbenzene
and 3-methypentane obtained at 300K and 4K.

The absorption spectra at room temperature resemble with each other
and also are quite similar with those obtained for MgOEP-doped polymers
[61]. They have two bands in the visible region with their peak wavelengths
at 5800A and 5430A , which correspond to the lower Q(0,0) band and the
higher )(1,0) vibronic band, respectively.

The absorption spectra at 4K, however, have more complicated profiles
than those obtained at room temperature. It is particularly noteworthy
that the lowest (J(0,0) band splits into two bands for MgOEP-doped 3-
methylpentane glass at 4K.

Fluorescence spectra of these samples at 4K are shown together with ab-
sorption spectra in Fig.9. The additional fluorescence band, which appears
as a shoulder at the lower energy side of the original fluorescence band in
the case of isopropylbenzene, can be seen more clearly in 3-methylpentane
doped with MgOEP, whose intensity is almost the same as the main band.

To clarify the origin of the additional fluorescence band, we measured
the site-selective fluorescence spectra at various site-energies, which are
shown in Fig.10. When we excited mainly the higher part of the split low-

est energy band (site(a) in Fig.10), the fluorescence spectrum has only a
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phonon-sideband, which means that the site-selectivity at this site-energy
was fairly good. In contrast, the site-selective fluorescence spectra with
the excitation energies (b) and (c) contain additional bands, which ap-
peared at around 5880A for both cases. Such a non-site-selectivity of
these fluorescence bands means that their origin is the fluorescence from
the off-resonantly excited molecules. More careful observation of Fig.10(c),
however, reveals that the resonantly (site-selectively) excited component
remains to a certain content in the fluorescence spectrum obtained by
lower-energy band excitation, which means that the site-selectivity exists
in the lower-energy band. This result is also confirmed by the measure-
ment of the distribution of the zero-phonon intensity shown in Fig.11,
which clearly indicates that the site-energy distribution has two peaks.
The origin of such a splitting of the site-energy distribution is unknown at

this stage.
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4.2 Site-selective excitation spectrum

Site-selective fluorescence spectrum can be obtained as simply as the con-
ventional off-resonant fluorescence spectrum by scanning the wavelength
of the monochromator under the irradiation of laser light with a fixed
wavelength. This technique, however, can be applied only to the lim-
ited cases of host-guest systems which have an extremely low hole-burning
efficiency. Most of dye-doped disordered systems we employed as sam-
ples in this work, however, have a relatively high non-photochemical hole-
burning efficiency due to the local rearrangement of the host matrices
even at low temperatures. Consequently, we employed the site-selective
excitation spectroscopy to determine WDOS for our samples instead of
the site-selective fluorescence spectroscopy. This novel technique can be
performed by scanning the wavelength of the tunable laser for excitation
and detecting fluorescence at a fixed wavelength.

As a preliminary experiment, we employed a polychromatic measure-
ment for site-selective fluorescence spectroscopy by employing a liquid
Ns-cooled-CCD detector and a triple-grating monochromator. This mul-
tichannel measurement has a greémt advantage that the exposure time can
be established to be much shorter than that in the case of a monochro-
matic measurement. Because the fluorescence spectrum detected via the
CCD-multichannel measurement is not time-resolved, it has no means to
remove the scattering of the excitation laser light, which makes it much
difficult to evaluate the zero-phonon fluorescence intensity required in the
analytical procedure to determine WDOS. In the case of polymer samples
with excellent optical quality without any strains and cracks, almost all of
the scattered laser light might be rejected by using a pair of a polarizer and
a cross-polarized analyzer as described previously. In most cases includ-

ing sol-gel derived inorganic gels and liquid-quenched molecular glasses,
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however, a large quantity of randomly polarized scattering light may pass
through the polarizer-analyzer pair and may saturate the CCD detector.
Accordingly, we judged that a CCD-multichannel measurement must be

inappropriate for our quantitative research.

Fig.12 shows the site-selective excitation spéctrum for chlorophyll b-
doped propylene glycol glass obtained at 4K. Figs.12(a) and (b) show the
time-resolved spectra obtained via the time-to-amplitude converter (TAC)
and the non-time-resolved ones via the gated photon counter (GPC), re-
spectively. Both spectra have been corrected for the reabsorption effect
using Eq.(4.1). The resonance fluorescence line has a width of about
3cm~!, which is determined by the system resolution and is considered
to be much broader than the homogeneous linewidth determined by the
dephasing process. As shown in Fig.12(c), the shapes of the phonon-
sideband components in these spectra coincide with each other, which
indicates that these two spectra are equivalent to be employed for the nu-
merical analysis. In contrast, the relative intensity of the resonance line
(wy, = w) obtained via GPC is much larger than that obtained via TAC,
which clearly indicates that the scattered laser light contained to a great
content in the spectrum obtained via GPC is highly suppréssed in the spec-
trum via the time-correlated single-photon counting method. This can be
also recognized in Fig.13, which shows the time profiles of the excitation
laser pulses and the zero-phonon fluorescence. As shown in Fig.13, fluo-
rescence lifetime of a dye molecule in a glassy matrix is of the order of nsec
which is comparable with the pulse interval. We can see here that only
the photons which come after the end of the excitation laser pulses are
selectively counted via the time-correlated single-photon counting. It goes
without saying that the non-time-resolved fluorescence-excitation spec-

trum has a great advantage with respect to the signal-to-noise ratio which:
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is required for obtaining WDOS spectrum with an excellent quality, while
the time-resolved measurement is needed to determine the intensity of the
zero-phonon fluorescence line.

Therefore, we have decided to use time-resolved spectrum for the zero-
phon»on resonance line and non-time-resolved spectrum for the phonon-
sideband.

The phonon-sideband part of the site-selective excitation spectrum shown
in Fiig.12 contains not only the resonantly excited component but also the
off-resonantly excited one because of the large inhomogeneous broadening
of the transition energy of the doped chromophores.

The shape of the site-selective excitation spectrum can be describéd
as Eq.(2.29) and thereby the site-energy distribution function has to be
determined to obtain the single-site spectrum and WDOS. This could be
obtained by measuring the zero-phonon fluorescence at various laser wave-
lengths with fixed power. The laser power used for this measurement is
almost the same as that in measuring the full shape of the spectrum as
shown above. In most cases including MgOEP and chlorophyll b-doped
disordered systems, decrease of zero-phonon fluorescence intensity caused
by a hole-burning effect in a short time required only for the measurement
of the zero-phonon line is negligible. In the case of oxazine 4-doped dis-
ordered systems, however, the non-photochemical hole-burning efficiency
is much higher than that of other dyes and the hole-burning effect while
measuring the zero-phonon fluorescence intensities is not negligible. Hence
in these cases we measured zero-phonon intensities with the laser wave-
length scanning just in the vicinity of each detection wavelength, which
is considered to be one of variations of the site-selective excitation spec-
troscopy.

The site-energy distribution of chlorophyll b-doped propylene glycol ob-

tained for the above-mentioned method is shown in Fig.14 together with
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the absorption spectrum both obtained at 4K. The data points were cor-
rected for the reabsorption effect and the instrumental response in the
whole detection system. The correction for reabsorption was performed

by following the relation

Glor) = D (), (4.4

which can be easily derived from Eq.(4.1) by replacing w with wy.
The site-energy distribution G(w') should be a smoothly continuous
curve in Eq.(2.35) in order to calculate the single-site spectrum ar(wy —w)

numerically. In Fig.14 we fit the site-energy distribution with the Gaussian

function: ‘
1 Wi, — we)?
G(U)L) = \/——ﬁexp I:—--(——~L-§—O'—2—)-:| . (45)

We can also successfully fit the site-energy distribution with a single
Gaussian function in the cases of other molecular glasses doped with
chlorophyll b, while the summation of two or three Gaussian functions
must be employed for oxazine-4 doped inorganic gels and a skewed Gaussian
function is required for MgOEP doped disordered system. The unique
shape of site-energy distribution in oxazine 4-doped gels is supposed to
arise from the variety of coupling between dyes and host matrices. On
the other hand, the skewed shape of site-energy distribution function in
MgOEP-doped disordered systems may be caused by the degenerate en-
ergy levels of MgOEP.
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4.3 Determination of WDOS

4.3.1 Analytical procedure

In this section, we describe the analytical procedure to determine WDOS
spectrum numerically from experimentally obtained site-selective fluores-
cence or fluorescence-excitation spectrum.

When we transform the variables wy, and ' in Eq.(2.35) into 2 and ' as
wr — w = §2
W -w=«Q,

then we obtain the following equation:
Fw;w+0) o« (w+Q) [ Gw+2)ar(Q — X)ar(Y)deY. (4.6)

The anti-Stokes component of phonon-sideband in the site-selective flu-
orescence or excitation spectrum is extremely small due to the small oc-
cupation number of phonons at liquid helium temperature and hence is
negligible.

When we regard w as the origin of the shift-energy axis and replace
F(w;w + Q) and G(w + &) with F(Q) and G(') respectively, Eq.(4.6) is

then rewritten as
F(@) =@+ [ G)ar(@ - ar()as. (4.7)

Dividing the area of integration into groups of the small area € as {2 = ne
and Q' = je (n,j=1,2,...) and replacing F'(), G() and ar(S) with 58

G; and a; respectively, then we can derive the summation form of Eq.(4.7)

as

- n
F, = (w -+ ne) Z € Gjajan_j. (4-8)
3=0

In the case of n=0, Eq.(4.8) can be described as
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Fy = ewGoagag | (4.9)
As F(') and Gy have been obtained experimentally, ag can be determined
by Eq.(4.9). It should be mentioned that we regard the integral intensity of
zero—phonon fluorescence line as FY, which has a finite bandwidth (~3cm™"
in FWHM) determined by the resolution of the monochromator.
Next in the case of n =1, Eq.(4.8) leads to |

F{ = e(w + 6) (éoaoal + G~1a1a0). (410)
Here F, Go, G, are given and ag has been already determined in Eq.(4.9),
and therefore we obtain a; numerically.

Fy can be determined in a similar way as the case of n=1,2 as follows:

Fy = e(w + 2¢)(Goagag + Gra1a1 + Gaasag). (4.11)

We can finally obtain the single-site spectrum ar(w’) as a series of a; by
repeating this procedure shown above.

Fig.15 shows the single-site spectrum of chlorophyll b-doped 1-propanol
glass determined via the analytical procedure shown above using the ex-
perimentally obtained site-selective excitation spectrum (also shown in
Fig.15 as a reference) and the site-energy distribution function described
in the preceding section. The Debye-Waller factor, which is the proportion
of the intensity of the zero-phonon line to the total fluorescence intensity,

can also be determined to be about 0.6.

As shown in Eq.(2.24), the single-site spectrum contains not only 1-
phonon contribution but also m(=2,3,...)-phonon contributions. Accord-
ingly, the phonon-sideband spectrum in the single-site spectrum does not
directly correspond to WDOS. As seen in Eq.(2.28), the 1-phonon function
at OK s¢(€2) can be obtained from the phonon-sideband of the single-site
spectrum at 0K ®,.
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To solve this integral equation numerically, firstly we define new variables

as
r= 3t

o

Q/

yzs—);

3(x) = xso(z€) = s0(2)
¢(z) = o(xQ0) = 2o(S2),

where g is an arbitrary value. Phonon-sideband spectrum ®4(2) should
be normalized to the total integral intensity of 1 — oy before performing
the analytical procedure shown below.

We can derive the following equation from the integral equation Eq.(2.28)

using these new expression as
- 1 z N
5(2) = —le(@) — [ ¢z~ y)3W)dy). (412)
0

Here we set a boundary condition as $(0) = 0 and divide the area of inte-
gration into a group of a small area € like z = ne and y = me (n, m=1,2,...).

Then we can derive the following relation:

. 1 =l
@ m=1
§; is determined from Eq.(4.13) in the case of n =1,
N €
S1= ¢17 (414)

"~ ap
where Debye-Waller factor oy has been already determined from the single-
site spectrum described above.

In the case of n = 2, Eq.(4.13) can be expressed as

. € . _
82 = —(2¢2 — $151), (4.15)
ao ,
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where 35 can be determined from experimentally given ¢, and ¢9, and 5;
given in Eq.(4.14).

As a consequence, we obtain WDOS s(2) numerically as a series of 3,
by repeating the above-mentioned procedure.

In Fig.16 we show the WDOS spectrum together with the single-site
spectrum for chlorophyll b-doped 1-propanol glass determined via this

analytical procedure using the single-site spectrum.

4.3.2 WDOSs for various systems

Following the analytical procedure described above, we obtained WDOSs

for various disordered systems doped with chromophores.

WDOS for dye-doped polymeric systems

WDOS spectra for dye-doped polymeric systems including organic poly-
mers and inorganic gels are shown in Fig.17, where the intensities are
normalized with respect to the peak intensities. We found that these
WDOS profiles resemble well with one another in spite of a wide variety of
host-guest systems we examined, while their peak frequencies are slightly
different with one another. |

In Table.3 we list the péak frequencies of WDOQOSs for these samples.
The peak frequencies were determined from smooth curves obtained by
averaging values of the several adjacent data for each data points of raw
WDOS spectra. It is not surprising that the peak frequencies of WDOSs
for inorganic gels are comparable to those of organic polymers if we con-
sider that the linearly linked siloxane chains like Si-O—Si or Si—-O-Ti-O-Si
play an important role in the formation of glass structures as mentioned
previously. This structure in gels is supposed to be formed during the

gelation process including hydrolysis and polycondensation reaction with
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the acid catalysis. This structure seems to be considerably different from
that of the fused silica glass with a dense, three-dimensional network of
SiOy4, and is rather similar to that in some types of organic polymers where
covalently bonded hydrocarbon chains are responsible for these structures.
Peak frequencies of WDOSs for various organic polymers which were
determined in the previous work are also listed in Table 3 as references.
It can be found that the peak frequency of WDOS for poly(vinyl butyral)
is fairly higher compared with other polymers. This might indicate the
rigid network in PVB caused by the interchain coupling via the hydrogen
bonds between residual hydroxyl groups contained in the PVB chains.
Noticing the similarity in the shapes of WDOS spectra, we superimpose
them in Fig.18 where each frequency is rescaled by dividing frequencies
by each peak frequency listed in Table.3. Surprisingly, these coincide with
one another within the experimental or analytical errors, which indicates
that the WDOS profiles for dye-doped polymeric disordered systems we
investigated can be commonly described as a universal function curve.
Fig.19 shows the similar plot for WDOS spectra of MgOEP-doped poly-
mers obtained previously [63]. We found here that all of the rescaled
WDOS spectra for doped polymers also coincide with one another and
furthermore, trace the universal curve which has been obtained in this
work.
We may conclude from these results that the universal curve actually
exists in WDOS profiles of a wide variety of polymeric disordered systems

doped with chromophores.

WDOS for dye-doped monomeric systems

.Figs.20 and 21 show the WDOS spectra, for dye-doped alcoholic glasses and
non-alcoholic glasses, respectively. Almost all of WDOS spectra shown in

two figures are fairly similar with one another and also similar with those
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obtained for doped polymeric systems shown above. WDOS obtained
for 3-methylpentane doped with MgOEP, however, might be one of the
exceptions, which has a broad hump in the region from 50cm™! to 100cm~!.

In addition, two distinct peaks can be seen at around 170cm~! and
270cm~! in Fig.21 for isopropylbenzene and 3-methylpentane both doped
with MgOEP, which are possibly assigned to the intramolecular vibrations
of MgOEP because the shift frequencies of these peaks are fairly identical
with each other in spite of the difference of host molecular glasses.

Peak frequencies of WDOSs for dye-doped molecular glasses are listed
in Table 4. |

We notice in this table that WDOS for various doped molecular glasses
employed in this work can be classified into two groups: one group with a
higher peak frequency at around 25cm™! and the other with a lower peak
frequency at around 18cm™!.

Among others, peak frequencies of WDOSs for dye-doped glycerol and
3-methylpentane are particularly higher compared with those for other
molecular glasses. Glycerol has three hydroxyl groups and hence may
form a network structure or large clusters via the hydrogen bonds be-
tween hydroxyl groups of adjacent molecules, which is supposed to be one
of the reasons of high peak frequency. Relatively high peak frequencies
of WDOSs for alcohols with two hydroxyl groups, propylene glycol and
trimethylene glycol (25cm™! for both) may be interpreted by the similar
concept as shown above.

On the contrary, the high peak frequency cannot be explained simply by
the same concept in the case of dye-doped 3-methylpentane because it has
neither hydroxyl groups nor other functional side groups, and hence only
the weak Van der Waals intermolecular forces between each molecules may
play a role in forming the glassy structure in this case.

With respect to monohydroxylic alcohols, two n-alcohols, 1-propanol
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and 1l-butanol, are involved in the group with higher peak frequencies
while the other two iso-alcohlos are involved in the group with lower peak
frequencies. We assume that such a difference in the peak frequency of
WDOS is caused by the presence or absence of the steric effect of alcoholic
molecules, which is discussed later again.

Two alkylbenzenes, toluene-benzene-mixture and isopropylbenzene are
involved in the group with lower peak frequencies, which might be inter-
preted in terms of randomly oriented benzene rings roughly determine the
structure of the glassy state while the side groups, methyl group for toluene
and isopropyl group for isopropylbenzene, do not play an important role in
glass formation. It also means that the steric effect in isopropyl side-group
is not responsible for determining the local structure of the glass.

The similar plots as shown in Fig.18 for polymeric systems are also
performed for dye-doped alcoholic and non-alcoholic molecular glasses in
Figs.22(a) and (b) respectively. Almost all the rescaled WDOSs for alco-
holic glasses coincide with one another as clearly seen in Fig.22(a), while 1-
propanol and 2-propanol are exceptions. With respect to the non-alcoholic
glasses in Fig.22(b), the difference of shapes of rescaled WDOSs between
3-methypentane and two alkylbenzenes is apparently observed.

It is quite surprising that all profiles for molecular glasses we investi-
gated except for propanols and 3-methypentane trace the universal curve
obtained for poly'rmeric disordered systems, which indicates clearly that
the universal curve holds not only for polymeric systems but also for
monomeric ones.

It remains unsolved at this stage, however, why the exceptional profiles
of WDOSs are observed for two propanols and 3-methypentane as shown

above.
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Solvent shell of alcoholic glasses

Let us look more closely at WDOS obtained for alcoholic glasses doped
with chlorophyll b molecules.

Considering that our results on WDOSs for alcoholic glasses are in-
consistent with those obtained from the Raman scattering spectroscopy
as mentioned above, it might be considered that what our site-selective
fluorescence-excitation spectroscopy observes is not equivalent with the
low-frequency dynamics of bulk matrix observed by Raman scattering
spectroscopy. The electronic state of doped chromophore can feel dynamics
on the local structure of solvent molecules which are located in the vicin-
ity of the chromophore. If the glassy structure around the chromophore is
determined by the particular coupling between the solvent molecules and
the chromophore, the solvent shell which has a different structure from
the bulk glass might be formed.

Pack and co-workers [73] proposed a solvation shell model to explain the
anomalous behavior of spectral diffusion in resorufin-doped ethanol glass
probed by the photon echo experiments. According to their concept, a
shell structure of solvent molecules might be formed in the vicinity of the
chromophore, which has a higher degree of order than that of the outer
part of the solvent shell. Such a highly ordered structure may be induced
by the electronic structure of the dye molecule itself.

Although the origin of the formation of the solvent shell remains unclear,
the particular ligation form of solvent molecules to the chlorophyll, as
proposed by Renge [69], may be one of the possible reason, which will be

discussed in the following section.
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4.8.83 Universality of WDOS

We have found the universal profile of weighted vibrational densities of
states (WDOS) s(w) which can be applied not only to polymeric disor-
dered materials but also to monomeric molecular glasses. It should be
mentioned here that thus obtained WDOS s(w) contains two contribu-
tions; the actual density of vibrational states g(w) and the vibrational
frequency dependence of the coupling coefficient with the electronic states
of doped chromophores £(w), as shown in Eq.(4.16):

s) = TE(w - w)
= £w)g(w)- (4.16)

We have shown in the preceding subsection that the universal profile is
found for a considerably wide variety of dye-doped disordered systems. It
apparently suggests that we should examine the possibility of the univer-
sality for both g(w) and &(w).

Let us review again the wide variety of host-guest systems we employed.

Firstly we consider the variety in disordered host materials. Organic
polymer including PBA, PVB and those investigated previously [63] have
a rigid medium-range structure due to covalently bonded hydrocarbon
chains. Inorganic gels obtained via the sol-gel method are characterized
by the linearly-linked siloxane chain and the interchain coupling, which
" seems to be somewhat similar to those of organic polymers. In contrast
with these polymeric systems, molecular glasses are considered to have
more fragile structures which are mainly based on clusters containing sev-
eral molecules. Alcoholic glasses are relatively rigid compared with other
molecular glasses which have hydrogen bond-based clusters or network
structures. Non-alcoholic molecular glasses without any hydroxyl groups
including alkylbenzenes and alkanes are supposed to be vitrified only due

to the weak Van der Waals intermolecular forces and hence are expected
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to be more fragile than alcoholic glasses.

As seen above, we have examined both polymeric materials (polymer
and inorganic gels) and monomeric ones (alcoholic/nonalcoholic molecular
glasses). Nevertheless, the shape of the obtained WDOS for these host
materials hardly depend on the polymericity of them. It may suggest the
universality of g(w) for various types of disordered materials.

Secondly, we should mention the variety of incorporated chromophores.
Oxazine 4 incorporated in sol-gel matrices and in PVB is a cationic dye.
Namely, it is polar and hence has a permanent dipole moment in the
electronic ground state. Porphyrin-type macromolecules, chlorophyll b,
MgOEP and Zn-phthalocyanine are much less polar than oxazine 4 due to
its centrosymmetric or quasi-centrosymmetric molecular structures, which
means that they have no permanent dipoles but may have induced dipoles.
Accordingly, the variety lying in the polarity of doped dye molecules leads
to the variety of the type of electron-vibration interaction such as dipole-
dipole, dipole-induced dipole interactions.

We may conclude from the above discussion concerning the variety of
host materials and polarity of chromophores that the universal function
of WODS is possibly composed of the universal function of vibrational
density of states C(w) and that of the coupling coefficient &(w).

The universality of coupling coefficient {(w) is expected to be derived
from the theoretical models of electron-phonon interaction. Several the-
oretical models have been proposed so far [42-51], which enable us to
interpret the t’emperature dependeﬁce of the homogeneous linewidth. Un-
fortunately, however, there is no theoretical work concerning the frequency
dependence of coupling coefficient £(w) . To our knowledge, the electron-
vibration coupling coefficient has been assumed to be frequency-independent
even in latest theories.

The universal profile of density of vibrational states g(w), on the other
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hand, has been frequently discussed so far with respect to the geometrical
characteristics of disordered materials {11,13] and superlocalized vibrations
on the strongly disordered network [82, 85|. Some of these theoretical

models will be reviewed more carefully in Section 5.

Finally, we should mention the WDOS spectrum obtained for a chromo-
protein.

In Fig.23, the WDOS spectrum of Zn-protoporphyrin-substituted myo-
globin (Zn-Mb) rescaled using the peak frequency (25cm™! in this case) is
shown together with those for three glassy systems [87]. It indicates that
the WDOS spectrum for Zn-Mb deviates from those for other systems just
above the peak frequency, while an pronounced peak at E/FEp.; = 5 can
be assigned to the intramolecular vibration of Zn-protoporphyrin IX. This
deviation may arise from the difference of the structure between proteins
and amorphous systems.

A protein can be regarded as a kind of disordered material in a sense
because it contains polypeptide chains. However, in contrast with the
case of usual disordered systems involving inorganic glasses, organic poly-
mers and liquid-quenched glasses whose structures cannot be determined
uniquely, one can obtain information on structures of proteins by X-ray
diffraction measurements. This advantage makes it possible to perform
computational experiments on the density of states of the low-frequency
vibrational modes for real proteins such as a normal-mode analysis and a
molecular dynamics simulation. These works have revealed so far that the
possible origin of the low-frequency vibrational modes in proteins is the
collective motion extending to almost of all containing atoms such as the
so-called accordion motion of an a-helix.

We believe that comparisons between DOSs of low-frequency vibrations

in proteins obtained from the spectroscopic technique such as inelastic
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neutron scattering and that from the computational approach will shed
new light on the concept of the low-frequency dynamics in various kinds

of disordered materials [?].
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4.4 Comparison of WDOS, Raman and neutron scat-
tering spectra

4.4.1 Raman scattering and inelastic neutron scattering

Low-frequency dynamics in disordered materials has been examined by
employing the inelastic neutron scattering and Raman scattering spec-
troscopy.

Inelastic neutron scattering spectroscopy is superior to Raman scattering
spectroscopy in several points to investigate the low-frequency dynamics
in disordered materials. One of these advantages is that the real density of
states of vibrational modes can be obtained by means of this experimental
technique if all of the scattering events are assumed to be completely
incoherent with one another. In addition, this technique does not require
an optical transparency at all and thereby powder or flake materials can
be included in objects of study. Furthermore, information on both g- and
w-space can be obtained in this spectroscopy, because a neutron scattering
occurs while preserving the total energy and the total momentum. It has
an disadvantage, however, that it is quite difficult to obtain data with
good signal to noise ratio even for an extremely long accumulation time.

The lbW—frequency Raman scattering, on the other hé,nd, is superior
to the neutron scattering spectroscopy with respect to the excellent data
quality. It is also advantageous to iilvestigate vibrational behavior in the
extremely low-frequency regime below 10cm™~! by employing a double- or
triple-grating monochromator.

The absence of translational symmetry or long-range order in disordered
materials relaxes the selection rule in light scattering so that all of the
low-frequency vibrational modes in the Brillouin zone participate in the
first-order Raman scattering [32]. Shuker and Gammon suggested that

Raman scattering intensity at low-frequency region could be described as
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Ins(w) o< Cw)g(w)(1 + n(w))/w, (417)

where C(w), g(w) and n(w) represent the light-to-vibration coupling co-
efficient, vibrational density of states and the Bose-Einstein occupation

number, respectively. Reduced Raman scattering spectrum is frequently
used from Eq.(4.17) as

Lieg(w) o Igs(w)/(1+ n(w))
x C(w)g(w)/w. . (4.18)

In most cases of disordered materials, reduced Raman spectra obtained
at various temperatures below the glass transition temperature are nearly
identical with one another in the low-frequency region, which clearly indi-
cates that the low-frequency vibrational excitation modes can be regarded
as the Boson excitation. This is why the characteristic peak commonly
appeared in the low-frequency region of Raman spectra is usually called a
Boson peak. |

As shown in Eq.(4.18), even the reduced Raman scattering spectrum
does not directly reveal the real DOS g(w) but contains the coupling
coefficient C(w). We conclude that DOS g(w) can never be obtained from
Raman scattering spectroscopy by itself. -

Recently, Sokolov and coworkers compared the inelastic neutron scatter-
ing spectra I;ys(w) and the Raman scattering spectra Ips(w) for a-SiO,
poly(styrene)(PS) and poly(butadiene)(PB) in the low-frequency region
[8, 7]. They found from this comparison that these two spectra were con-

nected with each other by the following relation:

Ins(w)  Ieg(w)
x
2 2

at W > W, » (4.19)

where wp,.; is a boson peak frequency.
From Eqgs.(4.18) and (4.19), C(w) can be determined as

Clw) ~w at W > Wmag- (4.20)
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Eq.(4.20) holds in all of the investigated disordered systems, and accord-
ingly we conclude that thus obtained C'(w) is universal for all of disordered
materials. It should be noted that this C(w) was determined experimen-
tally without any theoretical assumptions. Sokolov also arrived at the
same conclusion from the comparison of Raman scattering spectra and
data from the heat capacity measurement [10].

This C(w) behavior cannot be explained by the theoretical models pre-
viously proposed for the low-frequency dynamics in disordered materials.
For example, frequency-dependence of light-vibration coupling coefficient
is not considered at all in soft-potential model [23-27] or dipole-induced-
dipole scattering model where the second order Raman scattering is as-
sumed, and C(w) o« w? for damped acoustic plane-wave model [8, 10].

Fracton model proposed by Alexander [34-36] suggests
Cw) x ¥, (4.21)
where C(w) o w holds only under the assumption of the ideal linearly-

linked polymer (D = 2 and d = 1 following his description).

4.4.2 Comparison of WDOS with Raman/neutron data for poly-
mers

As described above, WDOS means the vibrational density of states weighted

by the electron-vibration coupling strength; i.e.,

s(w) o E(w)g(w). (4.22)

Because the vibrational density of states g(w) can be obtained directly
from the inelastic neutron scattering measurement, £(w) might be de-
termined from the comparison between WDOS and the neutron scatter-
ing spectrum. Moreover, if we assume the relation Eq.(4.20) for Raman
spectroscopy, &(w) can also be determined from the comparison between

WDOS and Raman spectrum.
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In the present subsection we compare WDOS spectra obtained in our
previous work [61-65] with Sokolov’s experimental results of inelastic neu-
tron scattering and Raman scattering for organic polymers [8] and Kanaya’s
results of neutron scattering only for PMMA [1]. This comparison was
made for three organic polymers, poly(styrene)(PS), poly(methyl methacry-
late) (PMMA) and poly(butadiene)(PB).

In Figs.24, we plot WDOS spectra together with g(w)/w? obtained by
neutron scattering and I (w)/w(n(w)+1) and I(w)/w?(n(w)+1) by Raman
scattering in both-logarithmic scale. All of these WDOSs were obtained
by employing Mg-octaethylporphyrin as a dopant. First of all, we can see
in these figures that I(w)/w?(n(w) + 1) coincides with g(w)/w? fairly well
in the frequency region w > wp,, in PB, and the rough agreement between
these spectra can be also found in PS. In both cases of PB and PMMA,
the shapes of I(w)/w(n(w) + 1) are far apart from those of g(w)/w? in the
region w > wpg,. This result clearly indicates that the relation C(w) ~ w
actually holds for w > wiee.

Next let us look into the correlation between WDOS and Raman or
neutron data. WDOS spectrum and I(w)/w?(n(w) + 1) are surprisingly
identical with each other in PMMA and the fairly good agreement can
also be seen in PS and PB. We can conclude from this comparison that

£(w) 5 (4.23)

For the lower frequency region w < wpqz, the relation between WDOS
and Raman or neutron scattering spectrum seems to be more complicated
compared to the higher frequency region w > wmqe,. To begin with, let us
verify the light-vibration coupling C(w) in this frequency region. Fig.24(a)
reveals that g(w)/w? is in fairly good agreement with I(w)/w?(n(w) + 1)
in PS. On the contrary, the agreement between these two spectra cannot

be obtained in the case of PB as shown in Fig.24(c). Quasielastic scat-
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tering caused by the relaxational motion may contribute to the Raman
and neutron scattering spectra to some content even at low temperatures
in the lower frequency region w < Wpgy. Contribution from the relax-
ational motion is supposed to depend on the fragility (proposed by Angell
[31]), which makes it difficult to find out the behavior of C'(w) precisely
at w < Wpgy. Sokolov concluded from the comparison for more materials
in addition to three samples shown here that the frequency dependence
of light-vibration coupling in the region w < wWmes is much weaker than
that in the region w > wyq, or nearly constant. This is, however, merely
a rough estimation and should be more complicated in actual. For exam-
ple, Raman spectrum in the extremely low frequency region in disordered
systems is supposed to be determined by the acoustic phonons as in the
crystals and thus C'(w) o w? [33].

Next we examine the electron-vibration coupling £(w) in the lower fre-
quency region w < wpqg. The agreement between WDOS and I(w)/w(n(w)+
1) is fairly better than that between WDOS and I (w)/w?(n(w)+1) in this
region for PS and PMMA, while I (w) /w?(n(w)+1) rather than I(w)/w(n(w)+
1) roughly coincides with WDOS. Although we should not say too much
from such a small amount of experimental results, we might say that there
lies a possibility that the behavior of {(w) changes in the vicinity of the

Boson peak wpqy; i€,
E(w) ~w™ (v <2). (4.24)

Anyway, much more efforts on such comparison is strongly needed at

this stage.

56



4.5 Theoretical models of low-frequency dynamics

Latest Raman and neutron scattering experiments have revealed that the
Boson peak can be observed for a wide variety of disordered materials
including inorganic glasses [19-28], polymers [1,2,7,8,12] and molecular
glasses [3-6].

In the present section, we introduce several models proposed so far for
the qualitative interpretation of the Boson peak in disordered materials

and examine them in connection with our results of WDOSs.
4.5.1 Various models of Boson peak

Cluster model

Several research groups have claimed that the shape of the Boson peak
can be explained by the size distribution of clusters in disordered materials
[11,13,21,22].

It is assumed in this model that the low-frequency modes arise from the
cluster with a correlation length of an order of 10A . The frequency of the

vibration excited in the cluster with its size r is given by

~ 2 | 4.95
wr =, (4.25)

where v is the sound velocity in the medium. Eq.(4.25) shows that the
excited vibration in the cluster follows the Debye-type dispersion.

In this model, the distribution of the cluster size is assumed to be ex-

pressed as
T /10)]?
N(r) ~ %e}{p (—E‘i%z"—)]) : (4.26)

It is obvious from the inverse proportional relation between w and r in
Eq.(4.25) that the vibrational density of states g(w) is also given by the
same function as Eq.(4.26); i.e.,
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9(w) =~ exp (—M) : (4.27)

This empirical function is called lognormal function, which is often used
to describe the final size distribution of the mechanically milled particles.

This model function can fit very well the universal profile of DOS of
low-frequency vibrations obtained for polymers and inorganic amorphous
materials by means of inelastic neutron scattering [11] as well as Raman
scattering spectroscopy [13,21,22]. It is concluded in this model that the
universal curve found in the low-frequency Raman or neutron spectrum
is caused by the universality lying in the size distribution of clusters in
disordered materials.

Although this model function has succeeded in explaining the univer-
sal profile of g(w) qualitatively and hence has been widely accepted, it
remains doubtful if it is acceptable for a variety of disordered materials
including liquid-quenched molecular glasses. Linear dispersion relation of
vibrational excitations in clusters means that the spherical modes or the
surface modes should be assumed for these vibrations excited in spherical
clusters. Such isotropic shapes of clusters could be considered in particu-
lar cases such as inorganic oxide glasses and amorphous semiconductors,
while it could be hardly considered for linearly-linked organic polymers
and sol-gel derived inorganic gels.

We conclude that this model is invalid as a model to explain the universal

Boson peak profile.

Soft librational modes of glass-forming liquids

Yamamuro and coworkers measured the inelastic neutron scattering for
molecular glasses without any particular intermolecular interaction except
for the Van der Waals forces and found that the vibrational densities of

states in these materials have Boson peaks which are quite similar to other
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polymeric disordered materials [6]. They also found the relation between
the peak frequency of the Boson peak wp,, and the molecular weight M
as
e ~ e (4.28)
VM

He concluded from this result that the boson peak in these simple molec-
ular glasses may arise from the softening of the librational modes of individual
molecules. This conclusion, which indicates that the profile of DOS g(w) in
monomeric glasses is not determined by their macroscopic structure but by
the single molecules themselves, can be accepted quite naturally. However,

it is still open to question if such a librational motion in a single molecule
~ contributes to the profile of WDOS in our case. As seen in the preceding
section, the peak frequencies of WDOS for 3-methylpentane and toluene
glasses are 27cm~! and 18cm™! respectively, while the molecular weights of
these glasses are almost the same (MW=86.2 for 3MP and MW=92.1 for
toluene). Our results clearly indicate that the peak frequencies of WDOSs
do not follow the relation Eq.(4.28).

Only few attempts have so far been made for the study on the low-
frequency dynamics in such simple molecular glasses due to the difficulty
of obtaining glassy states with a good quality. Such a difficulty is caused by
their low glass-transition temperatures (7, <100K in most cases). Further

investigation should be required in this field.

Fractons in the fractal network

Courtens, Tsujimi and their coworkers measured the depolarized Raman
scattering, inelastic neutron scattering and Brillouin scattering spectra for
base-catalyzed silica aerogels and analyzed their experimental data on the
basis of the concept of the superlocalized vibrations on the fractal network,

which are called fractons. They confirmed the unique structure with the
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self-similarity in aerogels by means of the scanning electron microscopy
(SEM). They suggested that the fractons could be seen when the charac-
teristic scale of the fractal structure and the wavelength of the vibrational

excitation are comparable; i.e.,
a < A< &g,

where a is the mean size of silica particles and &, is the acoustical correla-
tion length, which is supposed to represent the mean size of SiO clusters
in silica aerogels. In the fracton regime, the vibrational density of states

g(w) and light-vibration coupling coefficient C(w) can be written as

C(w) ~ wD, (4.29)

where d and D are the fracton and the fractal dimensions, respectively.
When substituting Eq.(4.29) into Eq.(4.18), we obtain the reduced Raman

intensity as

In(w) ~ o, | (4.30)

‘Where
. ) ) .
_ 2y 1. 4.31
v=d1+35)-1 (4.31)

The power law of w in Eq.(4.30) can be easily verified if a linear line

appears in log-log plot of reduced Raman spectra.

The fractal model has been also employed for amorphous semiconductors
by Ivanda and coworkers [19], and its possibility has also been examined
by another group [20].

Ivanda claimed that the frequency-independence of the depolarization
ratio in a wide frequency range (from the very low-frequency up to more

than 1000cm™!) of Raman scattering spectra could be explained only by
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the fractal-fracton model [19]. He also pointed out, in addition, that the
anomalously long lifetime of low-frequency vibrations in amorphous semi-
conductors clearly indicates that these vibrations are superlocalized on the
fractal network.

He represented the shape function of reduced Raman scattering spec-
trum in amorphous semiconductors as

I*(w) oc wi(W? + wfol){J/D(‘”d_D ~} (4.32)

where weoy, d and D represent the phonon-fracton crossover frequency,
spectral dimension and fractal dimension, respectively (o is a correction
factor). Although his expression of Ir(w) does not follow a power-law of
w as shown in Eq.(4.30), this function can roughly reproduce the whole

shape of Boson peak as shown in Fig.25.

Malinovsky and coworkers have pointed out [12] that the fracton regime
could also be found in organic polymers as the unique w”-relation in re-
duced Raman spectra as described above, which was also confirmed by
Saikan and coworkers. These results suggests that the fractal regime ex-
ists in the scale of about 50A, which has not been observed yet by the
direct measurement of the microstructure by means of SEM or related
spectroscopy. We think it is still doubtful if the fractal geometry actually
exists in organic polymers. One of the reasons is that the fracton regime
represented by the power-law of w is too limited to regard this structure

as a fractal.

We prepared SiO9 and SiO2-TiOs inorganic gels via the sol-gel method
similar to the case of silica aerogels described above. We used the acid
catalyst for hydrolysis and polycondensation reaction in our case in stead
of the base catalyst in silica aerogels [78]. Silica or silica-titania gel under

the acid condition has a structure characterized by the linearly-linked chain
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bridged by siloxane bond as described previously, which is supposed to be
far from the fractal structure [77, 80].

In addition, it can hardly be considered that the fractal structure ex-
ists in the monomeric molecular glasses such as alkane and alkylbenzene
glasses, which are vitrified only due to the weak Van der Waals intermolec-
ular forces.

We come to the conclusion that it might be impossible to explain the
universality of the Boson peak profile for a variety of disordered materials

only from the viewpoint of the geometrical fractals.

4.5.2 Concept of superlocalized vibrations

Recently, Foret and coworkers have performed both the small-angle in-
elastic neutron scattering and the inelastic X-ray scattering experiment
for fused silica [85]. They argued that they found experimentally the di-
rect evidence of the localized vibrations at the boson peak for the first
time. When the g value of the dynamical structure factor S(q,w) was
sufficiently small, only the vibration with frequency w, whose value could
be derived from the normal dispersion relation, was detected. This shows
that only the propagating acoustic phonons could be seen in the small
q region. In contrast, when the g value increased, obtained scattering
spectrum became broader and its peak frequency hardly depended on gq.
Bermejo and coworkers performed the simulation of the low-frequency
vibration on the basis of the molecular dynamics for several realistic glasses
such as amorphous selenium and some molecular glasses and illustrated
the localization of low-frequency vibrations by comparing the results ob-
tained from the simulation of S(g,w) for various ¢ values [86]. They also
found that the ”hump” at the low-frequency arised not from the rotational
motions but from the center-of-mass motions and concluded that the ori-

gin of the boson peak is not the intramolecular vibration but the collective
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motion in a gfoup of molecules.

Their results are fairly consistent with our recent findings on Raman
scattering for molecular glasses. Distinct peaks whose frequencies are
about two or three times larger than the frequency of the boson peak
have been found for alkylbenzene glasses, while the corresponding peaks
have never been seen in WDOS of dye-doped alkylbenzene glasses. In the
case of Raman scattering, coupling of light with electric dipole contributes
to the light scattering. Intramolecular vibrations including librations tend
to induce electric dipoles and hence should be sensitive to the incident
light. We suppose this is why these distinct peaks can be observed in
Raman scattering of molecular glasses. In contrast, WDOS contains the
coupling strength between the vibrations and the electronic state of the
chromophore. Namely, the incident light couples to the electric dipole on
the chromophore molecule, not to the dipole on the host molecule which
arises the intramolecular vibrations. A fact that the intramolecular vi-
brations of the chromophore itself are always observed clearly in WDOS
spectrum may support the above concept.

We support the fundamental idea that the origin of the boson peak is
the localized vibrations arising from the collective motion of the group of
molecules, and believe that this idea can also explain the origin of the
characteristic shape of the WDOS spectrum.

However, the most important problem still remains unsolved: What is
the origin of the universality we found in the shapes of WDOS spectra for
a number of host-guest systems?

In the case of the weak scattering condition, a disordered system has
three characteristic lengths, a wavelength, a scattering length and a lo-
calization length. When the vibrations are strongly localized, three scale
parameters are virtually identical (”single-length scale postulate”) and

thereby only the wavelength can characterize the size of the system. Such
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a strong scattering condition is often called Ioffe-Regel condition. Foret
and coworkers [85] found that the Ioffe-Regel frequency wyg, which corre-
sponds to the crossover frequency from the normal scattering condition to
the Ioffe-Regel condition and can be roughly predicted from the result of
the heat conductivity experiment, was remarkably close to the boson peak

frequency wyy, in the case of fused silica. If the relation
WIR ~ Whp

holds for various disordered systems, the universal shape of the density
of states of low-frequency vibrational modes might be qualitatively inter-
preted in terms of the concept single-length scaling because only w;pg is
the parameter to determine the shape of the DOS spectrum in the low-
frequency region. Although the universality of WDOS we have found
seems to be more difficult to explain in comparison with the case of DOS
because of the coupling part in WDOS, the above concept is the most

likely interpretation for the present.
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4.6 Temperature dependence in site-selective fluo-
rescence spectra

In the present section, we discuss the temperature dependence of the site-
selective fluorescence spectra for dye-doped molecular glasses. To begin
with, let us describe the procedure of calculation to obtain the site-selective

fluorescence spectrum Fr(wy,w) at a given temperature T

4.6.1 Analyticél procedure

As discussed in the previous section, 1-phonon function at a given temper-
ature T is obtained by using WDOS which corresponds to the 1-phonon
function at 0K as

(@) = % [ desr(t)e™
= S(@)nr(@) + 1} + s(-Qnr(-Q), 3)

where we assume that all of the vibrational modes contained in WDOS

are regarded as harmonic modes at none-zero temperatures.
The m(=2,3,4,...)-phonon function at 7' is then obtained by

Oz{ o 00 o0
e (@) =1 [ d [ - [ dQmsr(Qn)sr(R)
Koo ST(Qm)6(Q - Ql - Qz v — Qm) (4.34)

The single-site fluorescence spectrum at temperature 7' can be described
from Eq.(2.23) and Eq.(2.24) as

fr(Q) = ars(Q)+2r(Q)
f x
= aps(Q)+ 3 (). (4.35)
m=1 '
The site-selective fluorescence spectrum at a given site-energy can be

- obtained using above-mentioned single-site spectrum fr(£2) and the site-

energy distribution as
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F@) =w+9) [ G@)fr(Q- ) fr(@)ds. (4.36)

In conclusion, we can calculate the site-selective fluorescence spectrum
Fr(wp,w) at a given wy, and temperature T' from WDOS spectrum s(w)
and the site-energy distribution function G(w) under several theoretical
assumptions; linear Frank-Condon electron-phonon interaction , the har-
monicity of vibrational modes, temperature-independence of WDOS and
the temperature-independence of G(w).

These assumptions listed above are expected to hold true only in the
Jrozen state below T, while some of them may be violated in the fluid
state. The site-energy distribution may be fixed at the frozen state, be-
cause the local configuration in the vicinity of the dye molecule is frozen
and thereby only the local motions are permitted. This is also confirmed
by the results shown previously that the peak energy and the bandwidth
of the lowest optical absorption band are nearly constant at whole tem-

peratures below Ty,

4.6.2 Results and discussion

Fig.26 shows the comparison between the measured site-selective fluores-
cence spectra and those calculated following the analytical procedure men-
tioned above in MgOEP-doped isopropylbenzene glass below Tj,(~ 125K).
The calculated spectra are in fair agreement with the measured ones at
all temperatures below Tj,.

A similar comparison was performed in chlorophyll b-doped toluene-
benzene-mixture and 1-butanol glasses, which are shown in Figs.27 and 28,
respectively. The calculated spectra also reproduce well the measured ones
at all temperatures below T, (~120K for both glasses) in these samples.

The fairly good agreement in the comparison of measured and calcu-

lated site-selective spectra made for these systems tells us that the above

66



assumptions employed to calculate fluorescence spectra are valid in these
cases.

Next, in Fig.29, we made comparisons between the measured spectra and
the calculated ones for chlorophyll b-doped 1-propanol glass. Althdugh
they are in fair agreement with each other at 20K, the measured spectral
widths are broader than those calculated at 40K and above. It should be
noted that the poor agreement in these spectra is observed even far below
the glass transition temperature T,(~96K). Furthermore we should men-
tion that the deviation between these spectra becomes larger with increas-
ing temperature. To show this anomalous temperature dependence more
clearly, we plot only the spectral bandwidth (FWHM) of both measured
and calculated site-selective fluorescence spectra at various temperatures
in Fig.30. The experimental value of the bandwidth of site-selective fluo-
rescence spectrum at 120K is approximately three times larger than that
expected from the analysis shown above.

This result suggests that one of these theoretical assumptions or more are
broken down in the case of chlorophyll b-doped 1-propanol glasses. Such
a temperature dependence could be also observed in 2-propanol doped
~ with chlorophyll b where the deviation of measured spectrum from the
calculated one is smaller than that in the case of 1-propanol glass. On
the contrary, we could not ﬁnd the apparent deviation for polyhydroxylic
alcohols.

To figure out the origin of this anomalous behavior, we performed nanosec-
ond time-resolved fluorescence spectroscopy at temperatures below Tj.
Fortunately, this experimental technique does not require any further mod-
ification of the experimental setup for the site-selective fluorescence/excitation
spectroscopy described in the preVious section.

Fig.31 shows the time-resolved site-selective fluorescence spectra at 60K.

Intensities of these spectra for various time-delay windows are normal-
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ized so that they coincide with one another at both higher and lower
energy edges (-200~-100cm~! and 200~400m ™}, respectively) of these flu-
orescence spectra. The time-resolved fluorescence spectrum obtained for a
delay time window of 0-1nsec corresponds to the fluorescence at the origin
of the time delay for the time resolution of our system (up to 0.4nsec).
We can find from this figure that the time-resolved fluorescence spectrum
changes in a nanosecond time scale at 60K while such a behavior is not
found below 40K.

This result clearly indicates that the energy relaxation which can be
usually observed in the fluid state occurs even in the frozen state. Low-
frequency vibrations at the bottom of the local potential minima in the
potential with relatively small amplitude are regarded as harmonic modes.
As the vibrational amplitude becomes larger, on the contrary, the low-
frequency local vibrations are no longer in each local pockets and shift to
the relaxational modes.

This concept of relaxational motion in the frozen state may be acceptable
if we assume that the frozen structure of solvent molecules in the vicinity
of the dye molecule begins to melt only in the limited area below the
glass transition temperature of the bulk glass. We must consider that this
local melting phenomenon is far from the so-called glass transition in bulk
glasses, in which the cooperative motion extending to a macroscopic scale
play an indispensable role.

The electronic state of the incorporated dye molecule as a localized cen-
ter feels the vibrational or relaxational dynamics in the vicinity of the
dye itself. Therefore, it is quite reasonable that the site-selective fluores-
cence spectrum reflects sensitively the host dynamics arising from the local
structure. The local configuration of the solvent molecules in the vicinity
of the dye molecule may be determined by the particular coupling to the

certain part of the dye molecule via the dipolar interaction. This possi-
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bly explains why the local melting occurs only in the chlorophyll b-doped
1-propanol system.

As discussed in the previous section, an alcoholic molecule tends to ligate
to the oxygen atom in the cyclopentanone ring of chlorophyll b. This may
be one of the origins to determine the local configuration in the vicinity
of chlorophyll b, which is different from the bulk structure.

In contrast, alkylbenzenes (toluene and isopropylbenzene) have no par-
ticular coupling to the porphyrin-type molecules as MgOEP and chloro-
phyll b. Accordingly, the local configuration in the vicinity of the dye
molecule in the case of dye-doped alkylbenzenes is the same as that of bulk
matrix, which causes the coincidence between the measured and calculated
site-selective fluorescence spectra up to the glass transition temperature
as shown above.

It remains unsolved, however, why the local melting phenomenon is not

found in chlorophyll b-doped 1-butanol glass.
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4.7 Mirror-symmetry relation in single-site spectra

In the analytical procedure of the determination of WDOS, we assume that
the mirror symmetry relationship holds between the shape functions of the
single-site absorption ar(wy, — w') and fluorescence fr(w — w') as shown
in Eq.(2.34). We propose in this section the novel technique to verify
experimentally the validity of this assumption in dye-doped disordered
~ systems.

Mirror symmetry relation about the zero-phonon line between the shape
functions of absorption and fluorescence has been discussed theoretically
in 1970’s [42-45,46-49] and compared with experimental results of optical
spectra of localized centers in crystals [43]. Small found the breakdown
in the mirror symmetry relation in tetracene-doped p-terphenyl crystal at
low temperatures and concluded that the breakdown was caused by the
quadratic term of the electron-phonon coupling.

According to the theory concerning the linear and the quadratic terms
in the Frank-Condon-type electron-phonon interaction, the degree of mir-
ror asymmetry strongly depends on the strength of the quadratic term.
Namely, the mirror symmetry relation exactly holds only under the lin-
ear Frank-Condon interaction. Quadratic term, on the other hand, causes
the difference in the vibrational energy between the electronic states of
localized center |g) and |e), which is considered to be the origin of the
breakdown of the mirror symmetry relation between the shapes of phonon-
sidebands in absorption and fluorescence spectra.

It should be noted that, considering the Herzberg-Teller(HT) mechanism
where the ¢-dependence of the transition dipole moment is assumed in
Eq.(2.10) for the electron-phonon interaction, even the linear term of HT
interaction can violate the mirror symmetry relation.

In most cases of impurity centers in crystals, the inhomogeneous broad-
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ening is smaller than homogeneous linewidth even at low temperatures,
which enables us to measure the single-site absorption and fluorescence
spectra by means of the conventional spectroscopy. To our knowledge,
however, it has never been verified if the mirror symmetry holds in dis-
ordered materials doped with chromophores. One of the reasons may lie
in the hole-burning effect in connection with using the laser light. Hole-
burning effect inherently occurs in most disordered materials even at suf-
ficiently low temperatures which is caused by the degrees of freedom in
frozen local configurations, often called two-level systems(TLS). This effect
makes it quite difficult to measure the site-selective fluorescence spectrum
without any distortion because the fluorescence intensity decreases during

the measurement by suffering from hole-burning.

4.7.1 Various experimental approaches

Since we have developed the novel site-selection spectroscopic technique
called the site-selective fluorescence-ezcitation spectroscopy, several com-
binations of the variation of site-selection methods can be considered to
verify the mirror symmetry relation.

Although we could successfully obtain site-selective ezcitation spectra in-
cluding the zero-phonon lines for dye-doped disordered materials with high
hole-burning efficiencies, it is very difficult to measure the site-selective
fluorescence spectra accurately for these samples.

Several experimental techniques have been proposed so far for measur-
ing the site-selective fluorescence spectrum without suffering from hole-
burning.

Some of these employ another light together with the exicitation light
to restore the burned hole. One of them has been proposed by Galaup
[57], where he used the so-called double-chopper double-excitation method.

When a photochemical reaction such as the tautomerization of protons
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in porphyrin molecules occurs by laser irradiation at low temperatures,
a photoproduct site may be generated, whose wavelength is apparently
different from that of hole-burned site, within the broad absorption band.
It depends on the type of photoreaction whether the transition energy of
the photoproduct site w, is higher or lower than that of the educt (burned)
site wp. Irradiation of wy light causes the backward-photoreaction and can
put the generated photoproduct back to the original (educt) state. If
one irradiates w, light together with w;, light for fluorescence detection,
the site-selective fluorescence spectrum can be measured without suffering
from hole-burning. A double-chopper technique was utilized to cut off the
back-reaction light w, during the measurement of site-selective fluorescence
signal.

Although his technique may be applicable to a certain case, it has too
many experimental limitations to be widely used.

Although a polychromatic measurement using a CCD detector may be
another approach to the site-selective fluorescence spectrum as shown in
the previous section, it is disadvantageous that the exact value of the
zero-phonon fluorescence intensity cannot be measured in this method.

In the following subsections, we review some of experimental techniques

which have a possibility to verify the validity of mirror symmetry relation.
Site-selective fluorescence/excitation spectrum and saturation effect

As shown previously, the shape functions of site-selective fluorescence

(SSF) and excitation (SSE) spectra are commonly given as
F(w;wg) ~ /G(w’)aT(wL — W fr(w — wdw'. (4.37)

Utilizing the saturation effect of absorption due to the bottleneck state
Ty in site-selective excitation measurement, we can obtain the single-site

spectrum by the following procedure: When we compare the site-selective
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excitation spectrum obtained under the weak irradiation power without
any saturation and that obtained under the strong irradiation power where
only'the zero-phonon component of absorption may be saturated, the
difference spectrum between these spectra corresponds to the single-site
fluorescence spectrum. It can be understood if we see Eq.(2.33)
F(w;wr) x wriGwr)

+wrw’ G(wr) fpss(w — wi)

+wLw3G(w)apsb(wL —w)

+wrw? / G(wapss(wr — ') fpsp(w — w')du/, (4.38)
where the first and the second terms correspond to the resonantly excited
components whose intensities are affected by the zero-phonon hole at wy.

It should be noted that this technique itself has no possibility to deter-
mine the single-site absorption spectrum.

Fiinfschilling and coworkers proposed a new method to determine the
single-site absorption and fluorescence spectra from the site-selective flu-
orescence and excitation spectra [37]. We followed their algorithm in the
analytical procedure and tried to determine the single-site spectrum by
ourselves for chlorophyll-b doped polystyrene. However, the solution of
each spectrum diverges and could not be successfully determined because

this algorithm is extremely sensitive to a small noise in either site-selective

spectrum.

Hole-burning spectroscopy

Absorption spectra before and after hole-burning are described commonly

as
A(w,t) = [ Go(we™ s =a(w — u)du!, (4.39)

where Go(w), v, t and wp represent the initial site-energy distribution,

hole-burning efficiency, burning time and the wavelength of the laser,
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respectively. Absorption spectrum before hole-burning corresponds to
A(w,0). The hole spectrum can be derived from Eq.(4.39) as

H(w,t) = A(w,0)— A(w,t)

= [Go(w)(1 - e s Mg (0 — w')du'. . (440)

When the burning time ¢ is sufficiently short, we can use the following
relation:

e vt 5 1 — pa(wy — W)t (4.41)

Using Eq.(4.41), Eq.(4.40) can be rewritten as
H(w,t) /Go(w’)a(w[, —wa(w — w')dw'. (4.42)

Eq.(4.42) indicates that the single-site absorption spectrum can be de-
termined 7deally from the hole spectrum. However, it is in fact not easy
to measure the hole spectrum precisely because of several restrictions.

In the actual measurement, the shape of the hole spectrum strongly de-
pends on the total fluence (given as a product of burning time and power)
of laser light used for hole-burning because of the difference 'lying in the
condition of saturation between the zero-phonon line and the 'phonon side-
band. It should be also noted that the change of the site-énergy distribu-
tion G(w) due to the photoproduct states induced by hole-burning is not
considered in Eq.(4.42). In addition, spontaneous hole-filling effect may
also distort the measured hole-spectrum.

In conclusion, hole-burning spectroscopy is insufficient for the determi-

nation of single-site absorption spectrum.

4.7.2 Double-selection spectroscopy

In this subsection we show that the single-site absorption and fluores-

cence spectra can be independently determined by employing hole-burning
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spectroscopy as the site-selective absorption measurement together with
the site-selective fluorescence spectroscopy. Since we use these two site-
selection methods simultaneously, we call this novel technique a double-
selection spectroscopy.

In this technique, we measure the difference spectra between before and
after hole-burning for both site-selective fluorescence (SSF) spectrum and
the site-selective excitation (SSE) spectrum.

In the case of the double-selection fluorescence spectrum, we first mea- -
sure the SSF spectrum with the excitation laser w;. Then we burn a
spectral hole with a burning light wp(=wr) and again measure the SSF
spectrum with the same excitation energy wy, after hole-burning. Finally
the difference spectrum between these spectra is obtained.

The measurement procedure of double-selection excitation spectrum is
quite similar, while the energy of the fluorescence detection w should be

replaced with wy,.

As shown in Eq.(4.39), site-distribution at w’ after hole-burning at wy

for time ¢ is given as
GW,t) = Go(w)e Mlwr—w)t
a(wr — ') = ayi(wr — ') + apsp(wr — W), (4.43)

where a,;(w) and aps(w) correspond to the zero-phonon and phonon-
sideband components respectively.

The site-selective fluorescence spectrum at burning time ¢ is
Plw,t) o /G’(w’, t)a(wr — ) flw — w)dw'
= [Go()e ™ afuwy, — o) fw — w')dw'. (4.44)

When ¢ is sufficiently short, the difference spectrum between before and

after hole-burning can be described using Eqs.(4.43) and (4.41) as
AF(w,t) = F(w,0) — F(w,t)
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o [ Go(@!)  M{aup (w1, ~ ) + g, ~ ')}
xa(wp — w') f(w — w')dw'. (4.45)

As seen in Eq.(4.45), the difference spectrum can be expressed as the
convolution of the hole spectrum, single-site absorption spectrum and the
single-site fluorescence spectrum.

Here we assume that the zero-phonon line in the single-site absorption
spectrum a,y,(wy, — w') can be replaced with §(wy, — /).

Let us consider firstly the case of double-detection SSE spectroscopy.
Energy of the excitation laser light wy, which is a scanning parameter in
this case, must be larger than that of the fluorescence detection w because
a molecule which absorbs w;(< w) can hardly emit fluorescence with the
energy of w at a very low temperature. It means that molecules with
site-energy w’ < wy do not contribute to the SSE spectrum. Because
the change in the site-energy distribution AG(w) only lies in the energy
w' < wp(=wr), it can be concluded that only the zero-phonon hole can
contribute to the difference spectrum in the case of SSE spectroscopy.
The zero-phonon line of the difference spectrum corresponds to the zero-
phonon fluorescence from the molecules which resonantly absorb the laser

light w; = w through zero-phonon absorption. Namely,
AFE (w,w) ~ Go(w)azi(0)azn(0)£(0)- (4.46)

The phonon-sideband part of the difference spectrum, on the other hand,
corresponds to the zero-phonon fluorescence from the off-resonantly ex-
cited molecules whose transition energy w’ is larger than the detection
energy w through phonon-sideband absorption. Namely,

AF5RE (wr,w) ~ Go(w)azp(0)aps(wr — w) f(0). (4.47)

From Eqs.(4.46) and (4.47), we obtain the following relation:

AFSE(wp w) « a(wy, — w), (4.48)
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which clearly indicates that the difference spectrum in double-detection
SSE spectroscopy corresponds to the single-site absorption spectrum.
Next, we consider the double-detection SSF spectroscopy. In this case, it
would be better to consider that the difference spectrum AF55F (wy, w) has
two components, fluorescence from the molecules which resonantly absorb
the laser light w;, through zero-phonon absorption line (AF>°F) and that
off-resonantly absorb w; through phonon-sideband absorption (AFI;SSF )-
The resonantly-excited component of the difference spectrum is caused

by the zero-phonon hole at wp = w as
AFPF (wr,w) o a:(0)azp(0)f (wr ~ w)
x flwp —w). (4.49)
On the other hand, off-resonantly excited component is express as
AFPF (wp,w) o« /apsb(w,; — WNapsp(wr — ') f(w — W)dw'. (4.50)

The ratio of phonon-sideband contribution AF;SF to the total difference
spectrum is determined by the relative intensity of phonon-sideband in
single-site absorption spectrum and is roughly estimated by (1 — ar)?
(ap is Debye-Waller factor) because AFPSSF requires at least twice of the
phonon-sideband process. Consequently, off-resonantly excited component
AFSSF can be neglected if the electron-phonon coupling is sufficiently
weak (o’ ~ 1). ’

In conclusion, the difference spectrum in double-detection SSF spec-
troscopy corresponds to the single-site fluorescence spectrum under the

weak coupling approximation.

4.7.3 Sample preparation

As described above, a host-guest system with a relatively weak electron-
phonon coupling strength must be selected as a sample for the double-

selection spectroscopy. In addition, there are still many limitations for
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selecting the appropriate samples. Properties of the host-guest system

which are considered to be required for this method are listed below:

1. Burned spectral-hole should be thermally stable.

(It should have an extremely low spontaneous hole-filling efficiency.)

2. Difference between the site energy of photoproduct state and that of
the educt (burned) state should be large enough.
(The change in the site-energy distribution should not influence the

measurement of site-selective fluorescence/excitation spectra.)

3. Electron-vibration coupling should be fairly weak.

(Debye-Waller factor should be large enough.)

4. Absorption band should be covered with the tuning curve of the tun-

able laser system.

The hole-burning mechanism required for the double-selection method
is not the non-photochemical type but the photochemical one.

Change in the site-energy distribution induced by hole-burning lies not
only in the zero-phonon hole and the pseudo-side-hole but also in the
photoproduct state. In the nonphotochemical hole-burning mechanism,
changes of the local configuration of the host material cause the change
of the electronic transition energy of the guest molecule. Therefore, the
change of the transition energy is fairly small, and moreover, the site-
energy distribution of photoproduct states is much broader than the hole
spectrum. It means that the site-distribution of the electronic transition
energy in the region of interest for site-selective fluorescence/excitation
spectra might be changed after hole-burning due to photoproduct states.
These changes possibly distort the profile of measured site-selective flu-

orescence/excitation spectra. In addition, the photoproduct states of
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non-photochemical hole-burning are thermally unstable in most cases and
spontaneously come back easily to the original states.

In the photochemical hole-burning, on the other hand, the change in
the chemical structure of the chromophore by irradiation of monochro-
matic light including tautomerization and photodissociation causes the
photoproduct state. Therefore, it should be expected that the energy-
distribution of the generated photoproduct states is much narrower than
that in the case of nonphotochemical hole-burning and is far from the en-
ergy of the burned site. Moreover, the product states are in most cases
stable and hardly come back without any irradiation.

In conclusion, the photochemical mechanism is much better than the
non-photochemical one for double-selection technique.

The weakness of the electron-phonon coupling and the matching for our
tunable laser system are also taken into consideration in addition to the
burning mechanism discussed above, and finally we arrived at the conclu-
sion that free-base chlorin is one of the best chromophores for the double-

selection spectroscopy.

The steady form and the photoproduct form of free-base chlorin in n-
hexane single crystals have the transition wavelength of 633.3nm and
574.2nm, respectively [52], which corresponds to the energy splitting of
more than 1600cm™'. This splitting is much larger than that of a free-
base porphyrin, (~100cm™!) in the same matrix. Since this splitting is
not supposed to depend strongly on the host matrix, we can expect that
change in site-energy distribution due to the photoproduct band does not
affect the double-selection difference spectrum in chlorin-doped disordered
materials.

We choose poly(styrene) as a host matrix, which is known to be chem-

ically and thermally stable and to have an extremely low yield of spon-
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taneous hole-filling. Chlorin eg-doped poly(styrene) film was prepared as
follows. First of all, both polystyrene and chlorin-eg (purchased from Por-
phyrin Products) were dissolved in a fresh chloroform in the dark. Then,
these solutions were mixed together, casted onto glass plates and dried in
the dark for a week. Moss-green-colored transparent film was finally ob-

tained with the optical density of about 1.0 at the absorption maximum.

4.7.4 Results and discussion

Fig.32(a) shows the site-selective excitation spectra before and after hole-
burning. Contribution from the scattered laser light has already been
removed for both spectra. It can be found that both intensities of the zero-
phonon fluorescence line and the particular part of the phonon-sideband
with a small shift energy decrease after hole-burning, while the intensity of
the phonon-sideband with the shift-energy higher than 300cm™! remains
unchanged.

Fig.32(b) clearly indicates that the shape of the phonon-sideband com-
ponent in the site-selective excitation spectrum changes with the burning
time.

The difference between the site-selective excitation spectra before and
after holé—burning is shown in Fig.33(a). In Fig.33(b), the difference spec-
tra at different stages of holé—burning are compared. It is obvious that
the shape of the phonon-sideband of the difference spectrum in the case
of deep spectral hole coincides with that in the case of shallow hole, which
supports the idea shown above that the site-selective excitation spectrum
is never affected by the pseudo-sidehole even in the case of deeply burned
holes.

A preliminary measurement of the difference spectrum has been per-
formed for oxazine 4 perchlorate-doped poly(vinyl butyral). Figs.34(a)

and (b) show the site-selective excitation spectra before and after hole-
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burning, and their difference spectrum, respectively. As shown clearly,
the change in the phonon-sideband spectrum caused by hole-burning is
not detectable at all in this case, while the distinct change in the zero-
phonon line can be seen. One of the reasons why we could not de-
tect the difference spectrum properly in this measurement may lie in the
non-photochemical hole-burning mechanism in poly(vinyl bﬁfyral) doped
with oxazine 4. Inhomogeneously-broadened photoproduct-site distribu-
tion caused by hole-burning possibly affects the phonon-sideband spectrum
after hole-burning. Furthermore, the shape of the phonon-sideband spec-
trum after burning may be also affected by the laser-induced hole-filling
effect.

Fig.35(a) shows the site-selective fluorescence spectra before and after
hole-burning, where the scattering of excitation laser light has been re-
moved. Change of fluorescence intensity can be also found both in zero-
phonon line and in the phonon-sideband.

Fig.35(b) indicates the change in the phonon-sideband of the site-selective
fluorescence spectrum during hole-burning process.

The difference between the site-selective fluorescence spectra before and
after hole-burning is shown in Fig.36(a). The similar plot of Fig.33(b)
is also drawn in Fig.36(b) in the case of the site-selective fluorescence
spectrum, where both difference spectra correspond to those obtained for
different stages of hole-burning process. |

In contrast with the case of site-selective excitation spectra, however, we
found that the shape of the phonon-sideband of the difference spectrum
obviously depends on the burning time, corresponding to the hole depth.
Even if the depth of the zero-phonon hole is saturated due to the long
burning time, the depth of pseudo-sidehole remains growing larger pro-
portional to the burning time. Accordingly, the long burning time may

causes a large pseudo-sidehole compared to the zero-phonon hole.. This
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result confirms the concept shown above that the profile of the difference
spectrum must be affected by the fluorescence from off-resonantly excited
sites whose transition energies coincide with that of the pseudo-sidehole.

Finally we compare thus obtained difference spectra for both site-selective
fluorescence and excitation spectroscopy, which correspond to the single-
site fluorescence and absorption spectra respectively, in Fig.37. It can be
found that the peak frequencies of phonon-sidebands for these difference
spectra are identical with each other with its value of ~15cm™!. We also
found that the whole shapes of the phonon-sideband part of these spectra
are almost the same within the shift-energy of 150cm~!. When we extend
the region of interest to more than 400cm~!, however, the violation of the
mirror symmetry relation about the zero-phonon line can be seen as ap-
parently shown in Fig.37(b). This might arise because the Debye-Waller
factor in chlorin-doped poly(styrene) is much smaller than 1, which means
that the electron-phonon coupling is not extremely weak and thereby the
off-resonant component shown in Eq.(4.50) may play an important role in
the difference spectrum.

In conclusion, we have succeeded in verifying that the mirror-symmetry
relation in single-site absorption and fluorescence roughly holds in chlorin-

doped poly(styrene) at low temperatures.
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Chapter 5

Conclusion

In this work, we investigated the low-frequency dynamics for various disor-
dered materials via the site-selective fluorescence or fluorescence-excitation
spectrum of incorporated chromophores at low temperatures.

We developed a site-selective excitation spectroscopy where the contin-
uous scan of the wavelength of the tunable dye laser was utilized together
with the time-correlated single-photon method. This has a great advantage
that the intensities of both the zero-phonon line and the phonon-sideband
component are accurately determined even for dye-doped disordered ma-
terials with relatively high hole-burning efficiency. This technique enables
us to examine the low-frequency dynamics in a wide variety of disordered
materials including sol-gel derived inorganic gels and molecular glasses.

We obtained the densities of states of low-frequency vibrational modes
weighted by the electron-vibration coupling strength (WDOS) for these
dye-doped disordered materials following the analytical procedure on the
basis of the linear Frank-Condon interaction from the site-selective exci-
tation spectra. It was found that the shapes of thus determined WDOSs
for a wide variety of disordered materials including polymeric materials
and monomeric molecular glasses resemble fairly well with one another.
Peak frequencies of WDOSs, however, reveal their own personalities for

various disordered systems. It should be particularly mentioned that the
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n-monohydroxylic alcohols doped with chlorophyll-b have relatively high
peak frequencies of WDOSs compared to iso-monohydroxylic alcohols,
which might be interpreted as due to the solvent-shell effect in the vicinity
of chlorophyll b molecule.

We compared the WDOS spectra with other experimental data, Raman
scattering and inelastic neutron scattering spectra in the low-frequency
region for polymers. This comparison revealed that the electron-vibration
coupling coefficient £(w) in the frequency region higher than the peak
frequency of WDOS wng, is roughly proportional to 1/w?.

In order to determine the single-site absorption and fluorescence spectra
independently in dye-doped disordered materials, we developed a novel
site-selection spectroscopy called double-selection spectroscopy, where we
employed the hole-burning spectroscopy together with both the site-selective
fluorescence and excitation spectroscopy simultaneously. We came to the
conclusion that chlorin-doped polystyrene is the most suitable host-guest
system for our aim of research ’by taking various limitations for this method
into consideration. Results from this approach clearly indicate that the
mirror-symmetry relation holds roughly between single-site absorption and
fluorescence spectra, which proves the validity of the linear FC interaction

approximation employed in the analytical procedure of the determination
of WDOS for the first time.
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Figure 1: Experimental setup of excitation laser system for the site-selective fluo-
rescence/excitation spectroscopy. WS1,WS2:wedged substrates, PS:laser power stabi-
lizer, PD1,PD2:photodiodes, PIN:fast photodiode, SE:solid etalon, PC:personal computer,
MD:stepping motor driver, OC:output coupler, BRF:birefringent filter.
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Figure 2: Experimental setup in front of the monochromator. PL1,PL2:polarizers,
L1,L2:f=100mm lenses, PM:photomultiplier tube.)
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Oxazine 4

HsC:HN - _NHGCH;s*

H,C N CH,
Mg-octaethylporphyrin Chlorin eg
(MgOEP)

HsCo CoHs '
HsCa CaHs
HsCo CoHs H
HsCo - CzHs H
Zn-phthalocyanine Chlorophyll-b

Figure 3: Chemical structures of dye molecules.
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Polyvinylbutyral (PVB) —

‘ECHQ_—?H%

Figure 4: Chemical structures of organic polymers.
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TEOS | TPOT | ethanol | HoO | HCI |
SiOq 1 — 4 0.01
Si09-TiO2 | 0.95 0.05 8 4 10.01

A

Table 1: Molar ratio of materials for sol-gel synthesis of oxazine 4-doped SiO, and SiO.-
TiOs.
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1-propanol ~ glycerol

C Hz"‘ lC H"“C|: H 2
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2-propanol 3-methylpentane
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OH OH

propylene glycol

CHg-?H—(IZHz
OH OH

Figure 5: Chemical structures of organic solvents for molecular glasses.
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Solvent MW. Tg (K)
1-propanol 60.1 96
2-propanol 60.1 121@
1-butanol 74.1 113@
2-butanol 74.1 120@
propylene glycol 76.1 172®)
trimethylene glycol 76.1 152®)
glycerol 92.1 194®
toluene-benzene 92.1 126©
isopropylbenzene 120.2 1259
3-methylpentane 86.2 779

Table 2: Molecular weights(M.W.) and glass transition temperatures(Ty) for various organic
solvents. See references (a)[29], (b)[84], (c)[31] and (d)[5].
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Figure 6: Absorption spectra of chlorophyll b-doped 1-butanol, 2-butanol and 1-propanol
obtained at 4K(solid lines) and 300K (broken lines).
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Figure 7: Absorption spectra(solid lines), off-resonance fluorescence spectra(thin broken
lines) and the estimated site-energy distribution functions(thick broken lines) for the lowest
excited-state of chlorophyll b-doped 1-butanol, 2-butanol and 1-propanol glasses at 4K. The
wavelength of the excitation laser for the fluorescence spectra is 5145A . Both intensities
are normalized with their peak intensities.
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Figure 8: Absorption spectra for Mg-OEP-doped isopropylbenzene and 3-methylpentane
at 4K(solid lines) and 300K (broken lines).
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Figure 9: Absorption spectra(solid lines), off-resonance fluorescence spectra(broken lines)
for Mg-OEP-doped isopropylbenzene and 3-methylpentane glasses at 4K. The wavelength of
the excitation laser for these fluorescence spectra is 5145A . Both intensities are normalized
with their peak intensities.
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Figure 10: Site-selective fluorescence spectra for MgOEP-doped 3-methylpentane
with excitation wavelengths of 5785A(17286cm=1)(b), 5810A(17218<:m"1)(c) and
5855A (17086cm™1)(d) together with the absorption spectrum (a).
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Figure 11: Distribution of the zero-phonon fluorescence intensity (circles) and fitted site-
energy distribution function(thick solid line) for MgOEP-doped 3-methylpentane glass
together with absorption (dotted broken line) and off-resonance fluorescence (solid line)
spectra . This fitting function is the summation of three Gaussion functions (broken lines).
Zero-phonon fluorescence intensities have been corrected for the reabsorption effect.
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Figure 12: Time-resolved (a) and non-time-resolved (b) site-selective excitation spectrum
for chlorophyll b-doped propylene glycol glass at 4K. The wavelength of the monochromator
for detecting fluorescence was set to the lower energy side of the @, band, 6600AThe power
of the excitation laser was 0.5mW/cm?
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Figure 13: Time profiles of cw mode-locked dye laser pulses (broken line) and fluorescence
(solid line). The driving frequency of the mode-locker was 40.8MHz.
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Figure 14: Distribution of the zero-phonon fluorescence intensity (circles) and fitted site-
energy distribution function(dotted broken line) for chlorophyll b-doped propylene glycol
glass together with absorption (solid line) and off-resonance fluorescence (broken line) spec-
tra . This fitting function is a Gaussion function. Zero-phonon fluorescence intensities have

been corrected for the reabsorption effect.
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Figure 15: Site-selective excitation spectrum (solid line) together with the single-site spec-
trum (broken line) for chlorophyll b-doped 1-propanol glass at 4K.
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Figure 16: WDOS (broken line) and single-site spectrum (solid line) for chlorophyll b-doped
1-propanol glass.
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Figure 17: WDOS spectra for oxazine 4-doped SiO; gel (a), SiO2-TiO; gel (b), poly(vinyl
butyral) (c) and Zn-phthalocyanine-doped poly(butyl acrylate) (d).
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khromophore host matrix peak freq.(cm*) DWF
Chlorophyll-b poly(styrene) 13 0.37
Chlorin poly(styrene) 13 0.36
Zn-Pc poly(butyl acrylate) 20 0.55
oxazine 4 poly(vinyl butral) 22 0.39
oxazine 4 SiO2 27 0.36
oxazine 4 SiO2-TIO2 27 0.34
Al-Pc poly(styrene) 13 0.36
Zn-Pc poly(styrene) 13 | 0.36»
\ Li2-Pc poly(styrene) 13 0.49
Mg-OEC poly(styrene) 13 0.49
Mg-OEP poly(styrene) 13 0.56
Mg-OEP  |poly(methyl methacrylate) 14 0.41
Mg-OEP poly(butadiene) 22 0.63
Mg-OEP poly(isobutyrene) 19 0.66
Mg-OEP epoxy resin 19 0.59
Zn-PP Myoglobin 29 0.55

Table 3: Peak frequencies and Debye-Waller factors(DWFs) of WDOS spectra. for various
dye-doped polymeric systems. Six systems at the top of this table were newly investigated
in this work. See reference [63] for the other systems.
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Figure 18: WDOSs spectra for various dye-doped polymeric disordered systems normalized

by the peak frequencies and the peak intensities.
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Figure 19: WDOSs spectra for MgOEP-doped organic polymers rescaled by the peak
frequencies and the peak intensities.
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Figure 20: WDOS spectra for dye-doped alcoholic glasses.

108



‘WDOS intensity

' I ' I ' I ' | ' | ' |

Ch-b / Toluene, gBenzene,;

MgOEP / Isopropyl benzene |

MgOEP / 3-methylpentane]

50 100 150 200 250 300

Energy (cm'l)

Figure 21: WDOS spectra for dye-doped non-alcoholic glasses.
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chromophore solvent peak freq.(cm™)| DWF
Chlorophyll-b 1-propanol 26 0.62
Chlor;.bhyll-b 2-propénol | 17 0.47
Chlorophyll-b 1-butanol 23 0.38
Chlorophyil-b 2-butanol 17 0.32
Chlorophyll-b | trimethylene glycol 25 0.35
Chlorophyll-b propylene glycol 25 0.39
oxazine 1 glycerol | 28 0.35
oxazine 4 1-propanol 25 0.45
Chlorophyll-b | toluene-benzene 1 8 ------ 0.38
MgOEP isopropylbenzene 18 | 059 ~~~~~~~~~~~~~
MgOEP 3-methylpentane 27 0.37

Table 4: Peak frequencies and Debye-Waller factors(DWFs) of WDOS spectra for various
molecular glasses.
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Figure 23: Rescaled WDOS spectrum for Zn-porphyrin-substituted myoglobin (solid line)
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Figure 24: Comparison of WDOS spectra, Raman scattering and inelastic neu-
tron scattering spectra for poly(methylmethacrylate)(PMMA), polystyrene(PS) and
poly(butadiene)(PB). Blue and pink solid lines represent Raman scattering spectra given
by I(w)/w?(n + 1) and I {w)/w(n + 1) respectively. Triangles and circles represent neutron
scattering given by g(w)/w? and WDOS spectra. respectively.
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Figure 25: Theoretical function Eq.(4.32) obtained by the fracton model proposed by
Ivanda and coworkers [19].
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Figure 26: Measured (dots) and calculated (broken lines) site-selective fluorescence spectra
for MgOEP-doped isopropylbenzene glass at various temperatures.
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Figure 27: Measured (dots) and calculated (broken lines) site-selective fluorescence spectra
for MgOEP-doped tolueneg g-benzeney ; mixture glass at various temperatures.
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Figure 28: Measured (dots) and calculated (broken lines) site-selective fluorescence spectra,
for MgOEP-doped 1-butanol glass at various temperatures.
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Figure 29: Measured (dots) and calculated (broken lines) site-selective fluorescence spectra
for MgOEP-doped 1-propanol glass at various temperatures.
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Figure 30: Temperature dependence of the bandwidth (in FWHM) of the measured (cir-
cles) and calculated (triangles) site-selective fluorescence spectra for chlorophyll b-doped
1-propanol below the glass transition temperature.
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Figure 31: Time-resolved site-selective fluorescence spectra for chlorophyll b-doped 1-
propanol at 60K with a delay-time window of 0-lnsec (circles), 2.5-3.9nsec (gray solid
line) and 6.6-9.3nsec (black solid line). These spectra are normalized at both edges of
higher and lower shift-energy.
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Figure 32: (a) Site-selective excitation spectra for chlorin eg-doped polystyrene at 4K before
(solid line) and after (broken line) hole-burning.

(b) Phonon-sideband components of the site-selective excitation spectra before hole-burning
(circles), after a short-period hole-burning (gray solid line) and after a long-period hole-
burning (black solid line).
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Figure 33: (a) Difference spectra of site-selective excitation spectra before and after hole-
burning.

(b) Phonon-sideband components of difference spectra for a short-period (circles) and a
long-period (solid line) hole-burning.
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Figure 34: (a) Site-selective excitation spectra before (solid line) and after (broken line)
hole-burning for oxazine 4-doped poly(vinyl butyral) at 4K.
(b) Difference spectrum of site-selective excitation spectra before and after hole-burning.
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Figure 35: (a) Site-selective fluorescence spectra for chlorin eg-doped polystyrene at 4K
before (solid line) and after (broken line) hole-burning.

(b) Phonon-sideband components of the site-selective fluorescence spectra before hole-
burning (black solid line), after a short-period hole-burning (broken line) and after a long-
period hole-burning (gray solid line).
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Figure 36: (a) Difference spectrum of site-selective fluorescence spectra before and after
hole-burning.

(b) Phonon-sideband components of difference spectra for a short-period (solid line) and a
long-period (circles) hole-burning.
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Figure 37: (a) Comparison of the difference spectra between the site-selective excitation
spectra (SSE) and site-selective fluorescence spectra (SSF). Both intensities were normal-
ized for the peak intensities of phonon-sidebands.

(b) The same comparison as (a) in a different scale.
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