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OH), 8.41 (s, 1H, ArH), 8.01 (dd,丿=7.8, 1.0 Hz, 1H, ArH), 
7.78 (t,丿=8.3 Hz, 1H, ArH), 7.42 (d, J=8.8, 1.0 Hz, 1H, 
ArH), 5.06 (ddd, J=4.4, 3.0, 1.9 Hz, 1H, C7eqH), 4.07 (s, 
3H, OMe), 2.96 (s, 1H, CQH), 2.53 (dd, J=14.7, 3.0 Hz, 
1H, C8eqH), 2.24 (dd, J뉴 14.7, 4.4 Hz, 1H, C8axH), 1.81-1.76 
(m, 2H, C13H), 0.92 (t, J=7.1 Hz, 3H, C14H); 13C NMR 
(CDC13) 8 199.91, 188.70, 180.40, 160.65, 160.42, 136.01, 
135.56, 134.21, 133.03, 132.88, 121.79, 119.79, 118.92, 
118.02, 117.84, 70.55, 63.52, 56.69, 40.18, 7.29; MS (m/z), 
282 (M+).
20b:NMR (CDC13) 8 13.36 (s, 1H, OH), 8.38 (s, 1H, 

ArH), 8.00 (dd, J=7.8, 1.0 Hz, 1H, ArH), 7.80 (t, J=8.0 Hz, 
1H, ArH), 7.43 (dd, J=8.1, 1.0 Hz, 1H, ArH), 537 (ddd, J= 
9.3, 6.1, 3.4 Hz, 1H, C7axH), 4.07 (s, 3H, OMe), 3.66 (d, J= 
3.4 Hz, 1H, C7OH), 2.79 (dd, J=13.7, 6.1 Hz, 1H, C8eqH), 
2.24 (dd, J=13.7, 9.3 Hz, 1H, C8axH), 1.76-1.56 (m, 2H, 
G3H), 0.92 (t, J=137 Hz, 3H, C14H); I3C NMR (CDC13) 8 
199.45, 189.17, 180.15, 160.81, 160.31, 137.47, 135.51,
135.19, 134.84, 132.56, 121.37, 119.70, 119.47, 119.35,
117.89, 76.19, 63.63, 40.28, 29.82, 7.24; MS (m/z) 282 (M+).
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The nature of F electronic excitation energy transfer to OH vibrational levels in KC1 crystals is the exchange 
interaction, although the transfer process exhibits three temporally distinguishable components depending on 
the distance between excited F center and OH . The critical distance as well as rate of the major energy 
transfer process in randomly distributed samples increases rapidly as OH librational motions become active 
with temperature rise. The excited state character introduced into the OH ground electronic state by 
perturbation is essential for the exchange interaction. The perturbation is brought about by the expanded 
electron cloud of excited F center for OH* associated to F center, whereas by librations and lattice vibrations 
perpendicular to the bond axis for isolated OH . F excitation quenching efficiency by OH is dependent on 
the variation of the critical distance rather than the rate as the rate is much faster than the normal F bleach 
recovery rate.

Introduction

This is the final paper concluding a series of studies1-4 on 

the bleach recovery kinetics of F centers in alkali halides. F 
absorption bleach in OH- doped crystals recovers with four 
temporally distinguishable components designated as super
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fast, fast, medium, and slow processes.1-3 The early three 
ones are consequent on rapid energy transfer from electro
nically excited F centers to OH vibrational levels while 
the slow one is due to the normal relaxation process of 
electronically excited, lattice-vibrationally relaxed F (F*) 
centers as found in OH free crystals. The superfast is the 
major relaxation channel in optically aggregated samples 
and resulting from the energy transfer between the 
associated pair of F* and OH ,1,3 while the medium is the 
major quenching process in randomly distributed crystals 
and due to interaction between relatively widely separated F* 
and OH defects.2 However, the fast one is a minor process 
in any kinds of samples and it is accounted by the 
relaxation of the F* center which is partially associated to 
OH defect.2 Although the quenching processes of F excita
tion by OH_ defects have been investigated phenomenolo
gically, the nature of the electronic coupling between F* 
and OH defects has not been examined yet. The main 
purposes of this paper are to show the nature of the energy 
transfer from the F* electronic state to OH vibrational 
states and to explain the reported quenching efficiency 
behaviors of F excitation by OH defects.

Quantum mechanically there are two types of electronic 
interactions for the electronic excitation energy transfer 
from an excited donor species (D*) to a ground state 
acceptor species (A), namely,瓦，the exchange interaction 
and Hc, the Coulombic interaction, by which 玖D*)屮(A) 
can undergo transition to 甲(D)¥《A*)? Thus we can relate 
the probability of electronic interaction to an experimental 
quantity, the rate constant of energy transfer k^,

kET 〜 [v理))興4*) ) He I 우0*)興4)>2
+ v¥Q)우印) I Hc I 貝D*)¥A)>2] (1)

to understand the nature of the electronic coupling. 
Depending on the matrix elements of the Coulombic 
interaction Hamiltonian, there are dipole-dipole, dipoie- 
quadrupole, quadrupole-quadrupole,…，interactions. 
However, since only the dipole-dipole interaction among 
the Coulombic interactions is necessary to consider for the 
energy transfer between F* and OH「defects, we compare 
our experiential results with the theoretical equations 
derived for the exchange and dipole-dipole interactions only.

The F* centers in rubidium and potassium halides emit a 
highly efficient and long-lived luminescence at cryogenic 
temperature, whereas those in lithium and sodium halides 
have a poor luminescence.6,7 This remarkable difference in 
two types of hosts is explained by the difference in 
crossover energy barriers from the lattice-vibrationally 
relaxed, excited electronic potential well to the crossing 
point of the excited and ground state potential curves.8~10 
However, the luminescence in KC1, in which the barrier is 
too high for effective crossover, is reported11,12 to decrease 
drastically with the concentration increment of doped 
molecular defects such as OH- and CN~. Vibrational 
emission and anti-Stokes Raman scattering from molecular 
defects observed after F excitation indicate that the 
electronic excitation energy transfers into the stretching 
vibrational mode of a molecular defect.”시' Researches on 
the interactions of F centers with OH 16~18 and CN 19,20 
and on related topics to these interactions21^4 have been 
extensively carried out. Our previous results of energy 
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transfer kinetic studies by monitoring F bleach recovery 
profiles are introduced briefly in the beginning of this paper.

Experimental

Experimental procedures, shown in detail already,2 are 
briefed here. The typical mole fraction of additively 
introduced F center is 5x 10~5 and this is at least two 
orders of magnitude lower than OH~ concentrations. In 
order to produce samples with isolated and randomly 
distributed F centers, crystals were heated to 750 K, cooled 
to room temperature immediately, mounted on a cold finger, 
and then cooled to cryogenic temperature without light 
exposure. F band light illumination to these samples at 240 
K migrates F centers toward OH defects, finally forming 
associated pairs, Fh(OH ) centers. If not mentioned as 
aggregated, defects in our samples are randomly distributed.

The principles of the picosecond transient absorption 
spectrometer utilizing dye emission and a streak camera 
employed to measure F absorption bleach recovery profiles 
were previously25 described in detail. Fluorescence from 
laser dye, excited by the pulses from a mode-locked 
Quantel 471 Nd: YAG laser, was used to probe the 
transient absorption of sample generated by 532-nm laser 
pulses. A Hamamatsu C979 streak camera with a 10-ps 
time resolution, coupled to a Princeton Applied Research 
intensified 1420 Reticon, was used as the detector. The 
comparison of dye emission kinetic profiles measured by 
the streak camera without and with sample excitation yields 
a picosecond bleach recovery kinetic profile. Bleach 
recovery times were extracted by fitting measured kinetic 
profiles to computer simulated recovery curves convoluted 
with the instrument response function.

Results and Discussion

The typical bleach recovery profiles in Figure 1 of 
randomly distributed, OH doped KC1 crystal show that the 
relative amplitude as well as rate of the medium process 
increases and decreases reversely with temperature incline

(s
--u
n
 •
온
쯔
 l 하
으

g

0 1000 2000
Time (ps)

Figure 1. F absorption bleach recovery profiles of F centers in 
OH (2.3x 10"3 in mole fraction) doped KC1 measured at three 
different temperatures, showing that the relative amplitude, plus 
rate, of the medium process enlarges with temperature increment.
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Figure 2. Relative amplitude (square) and fitted critical distance 
(dotted curve) changes of the medium process with temperature 
variation for the same sample as in Figure 1.

and decline, respectively. The temperature-dependent 
variation of the relative amplitude of the medium 
component is very similar to the temperature behaviors of 
medium relaxation rate2 and F luminescence quenching 
efficiency (l-r/F) by OH ,26 Knowing the concentration of 
randomly distributed OH and the relaxation time of the 
medium process which is negligibly shorter than that of the 
normal slow process, we can calculate the critical distance 
of the medium energy transfer process as the dotted curve 
in Figure 2. Since the lattice parameter (a) of KC1 is 6.29 
A,27 the critical distance is about 4.5 a below 90 K and 
becomes 5.5 a above 90 K. The relative percent amplitudes 
of the superfast and fast relaxation processes do not change 
with temperature variation and these also can be converted 
into the critical distances as well. In such a way we have 
noticed that the relative percent amplitudes of the superfast 
and fast components are significantly higher than those 
expected in so-called randomly distributed samples, 
suggesting that F centers are not completely isolated and 
randomly distributed.

Taking account of the results from optically aggregated 
samples and literaturely available facts about association 
between F and OH defects, the major relaxation processes 
of F excitation are schematically shown as a function of the 
distance between F* and OH in Figure 3. If an F center 
has an OH defect at one lattice parameter, F absorption 
spectrum from the ground state is broadened by associating 
with OH and excitation energy transfers within a few 
picoseconds via the superfast process.1,3 If an F center has 
at least one OH within two and half lattice parameters 
outside the superfast process range, even though F 
absorption is not affected by OH , excitation energy 
transfers rapidly through the fa아 process. The fast transfer 
is possible via overlap caused by the widely extended 
orbital of the F* center. The electron cloud spreaded 
already in the ground state of the F center is reported28 to 
expand further to the peak radius of 6.84 A in the excited 
state. The medium process occurs if an F center has at least 
one OH defect within about five lattice parameters, 
although the critical interaction distance increases with 
temperature rise. We need to examine more carefully how 
the electronic interaction between F* and OH" defects at
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Figure 3. Schematic representation of OH distance-dependent 
major relaxation processes of F excitation energy in KC1.
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Figure 4 shows the Arrhenius plots of the medium

Figure 4. Arrhenius plots of the medium relaxation rates for 
OH" (a) and OD (b) doped samples. The OH'/OD concen
trations in mole fraction are indicated near the respective plots.
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relaxation rates measured above 90 K. The activation 
energies are 380, 400, and 360 cm1 for 2.3 X 10 3, 9.4 X 
10"4, and 6.lx 10"4 OH doped samples (a), respectively, 
and 280, 320, and 320 cm1 for 1.8x10*, 1.4x10 七 an(j 
1.2x 10 3 OD doped samples (b), respectively. The aver
age activation energies are 380 and 310 cm1 for OH- and 
OD doped samples respectively and these are related to 
the librational energies of OH and OD~ in KC1 respec
tively.29 The librational energy of OH- in KC1 is reported 
to be 300-400 cm_ 1 and that of OD" is reduced by a factor 
of -1.3.29,30 Below 90 K the medium relaxation rate 
increases linearly with temperature. So the medium process 
is assisted predominantly by one phonon processes31 below 
90 K while by librational motions above 90 K.

In order to understand the nature of the electronic 
coupling, the temporal behaviors of typical bleach recovery 
profiles are compared with the theoretical linear equations 
of the dipole-dip이e and exchange interactions in Figure 5. 
Since the instrument has a finite response time, the starting 
bleach recovery time is set to the half maximum rise and 
only the datum points after the bleach maxima are used to 
fit. For the three-dimensional dipole-dipole interaction, the 
average donor population Pd is derived32,33 to reduce with 
time t as

pd ~ exp(-t/r0) expHf/r)1^), (2)

where 笥)and T are the lifetime of D* observed in absence 
and presence, respectively, of A. Eq. (2) can be simplified 
as

Pd ~ cxp(-(加"하々)), (3)

for 笥)is much larger than t in our samples. If the bleach is 
recovered in consequence of energy transfer and if the 
nature of the energy transfer is the dipole・dip이e interaction, 
the plots of In(Bleach) vs (t)1/2 아iould be linear. 
Nevertheless, the plots in Figure 5(a) are significantly 
curved in the early time scale, especially at the highest OH- 
concentration.

Now we consider energy transfer via the resonance 
electronic exchange mechanism, assuming that no back 
transfer from A* to D is allowed. It is verified34,35 that when 
the experimental measmement is carried out at the time 
much longer than the transfer time between the nearest 
neighbors, the donor population can be written simply as

Pd ~ exp(-c (血(〃자)丄)), (4)

where L is the Euclidian dimension, Tn is energy transfer 
time to the nearest neighbor, and c is a constant. 
Considered the temperature dependence of superfast transfer 
rate1,3,4 and the <200> arrangement of F(OH ) center,18 T„ 
has been estimated to be -0.1 ps at 120 K and L is 3 for 
the current system. All the plots in Figure 5(b) show good 
linearities, suggesting that the nature of the energy transfer 
process is the exchange interaction.

Despite the fact that Figure 5 indicates the exchange 
interaction as the nature of the energy transfer, there are 
two facts, the fully filled electronic configuration of OH~ 
and the large critical interaction distance of the medium 
process, that are usually not appropriate for the exchange 
interaction. Considering that atomic orbitals of (ls)H and 

(2p)0 o이y, we can write the ground and lowest excited 
electronic configurations of OH- simply as (o)2(nxy)4 and 
(0)2(nxy)3(<7*)1 respectively. The additional electron cloud 
supplied by the widely extended orbital of the associated F* 
perturbs the ground configuration of OH to make (o)2(nxy)4+ 
3(o)2(nxy)3(a*)1 for the superfast and fast processes. For the 
medium process, in which the critical distance is about 5 a, 
neither any overlap between F* and OH electronic 
wavefunctions nor any partially filled orbital character at 
the OH ground configuration seems to exist at a glance. 
Since, as mentioned before, wavefunctional overlap between 
D* and A and unfilled orbitals for both D* and A are 
prerequisite to the exchange interaction, we have to see if 
these requisites can be fulfilled by other phenomena we can 
observe. We have seen from the temperature dependence 
that the medium process is assisted predominantly by 
librational motions above 90 K while by one phonon 
processes below 90 K. It is quite interesting to note that 
from a simple symmetry consideration

<g)2(iky)3(S) I (R,&) I (a)2(nxy)4> 0 (5)

<((y)2(nxy)3(a*)1 | Rz \ (<J)2(nxy)S =0. (6)

These suggest that motions perpendicular to OH bond axis
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Figure 5. Bleach recovery temporal profiles, measured at 120 K 
for the same samples as in Figure 4(a), plotted according to the 
linear equations of theoretical dipole-dipole interaction (a) and 
exchange interaction (b) mechanisms. Only the bleach recovery 
datum points after the bleach maxima of the profiles are plotted 
and the starting recovery time was set to the half maximum rise 
of the bleach. The energy transfer time to the nearest neighbor 
was set to 0.1 ps for the exchange mechanism.
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Bleach Recovery

(1s)
8,(o)2(nxy)3(Q*)1

v=0

F Center H-O：

Figure 6. Schematic representation of energy transfer 
mechanism of F electronic excitation to the vibrational levels of 
randomly distributed OH - in KC1, showing that the exchange 
resonance interaction of〈우(D) 戏A*) | 瓦 | RD*)¥《A)> ends 
in OH vibrational excitation and F excitation quenching.

such as liberational motions and a certain lattice vibrations 
may introduce the excited state character into the ground 
state of OH". The enlargement of, not only the rate but 
also, the critical distance with the activation of librational 
motions as well as some types of lattice vibrations supports 
this perturbation to be plausible so that the ground state 
configuration of OH- can be written as (o)2(nxy)4+3(o)2(nxy)3 
(o*)1 for the medium process along with those shown 
before for the superfast and fast processes. Since the excited 
state of (o)2(nxy)3(ci*)1 is reported36 to possess a large 3s- 
Rydberg state character, the perturbed electronic 
wavefunction has some delocalized character so that it can 
overlap with the largely expanded wavefunction of F* 
center.

Admitting that three different energy transfer processes 
are temporally distinguishable depending on the distance 
between F* and OH defects and that the perturbation 
methods introducing the excited state character into the 
ground electronic state are different among three transfer 
processes, the electronic configuration of OH~ involved in 
three energy transfer processes is (o)2(nxy)4+6(0)2(nxy)3(Q*)1. 
This perturbed configuration has unfilled, even if very small, 
orbital character, which is indispensable to the resonance 
exchange interaction, and its wavefunction is, in the above, 
suggested to overlap with the 2p orbital electron cloud of 
the donor F* center. The exchange interaction matrix of 
〈우(D)¥(A*) I He I 乎(D*)屮(A)> can be expressed briefly 
as

<(1$)『[(県)4 扁(f)]o矿 I He \ (2p)F
[(貫3(甘)編(i)]°H->， (7)

where ?)vib(Q and ^vib(i) are the final and initial vibrational 
wavefunctions of OH , respectively, and He could be
V ———from the first order perturbation theory. 

勺

This matrix mainly represents a repulsion between two 
charge densities of (Is^n^on- and (2p)F((Tt!)oH- and this 
does not vanish in view of a simple symmetry consideration. 
Figure 6 schematically represents the electronic exchange 
interaction involved in the energy transfer processes of F 
electronic excitation to OH vibrational levels. The 
electrostatic repulsion between the charge densities of (ls)F 
(nXy)oH- and (2p)F(o*)OH- wavefunctions results in the 
vibrational excitation of OH and the electronic relaxation 
of F* center. This electronic interaction can be conceptually 
visualized as the electron exchange in Figure 6. The (2p) 
electron of F center shifts into the perturbed (nxy) orbital of 
OH at the same time that the electron introduced into the 
(o*) orbital of OH by perturbation 아lifts into the (Is) 
orbital of F center. As the results of this electronic 
exchange interaction, the repulsion between charge densities 
diminishes, F absorption bleach recovers, the electronically 
excited character of OH~ brought in by perturbation 호elaxes, 
and the vibrational quantum number of OH stretching 
mode enlarges by one or two.14,15

Conclusions

Some important results are obtained by putting together a 
series of studies on F electronic excitation energy transfer to 
OH- vibrations in KCL For all three temporally distin
guishable components, the nature of the energy transfer is 
the exchange interaction rather than the Coulombic 
interaction such as the dipole-dipole interaction. The 
exchange interaction of F* center becomes effective with 
the small character of the lowest excited configuration 
(o)2(Dxy)3(o*)i, which is perturbatively introduced by pairing 
with F center for the superfast component, by being 
overlayed with the expanded electron cloud of excited F 
center for the fast one, and by OH' librations and/or lattice 
vibrations perpendicular to OH bond axis for the medium 
one. The temperature dependence of F luminescence 
quenching by OH is detennined mainly by the variation of 
the critical distance rather than rate of the medium process 
with temperature change since the transfer rate is at least 
two orders of magnitude faster the normal F* relaxation 
rate. The critical transfer distance as well as rate of the 
medium process increases with temperature rise as the OH 
ground configuration is perturbed effectively by OH 
librational motions and lattice vibrations.
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We present results of molecular dynamic (MD) simulations for the segmental motion of liquid n-butane as the 
base case for a consistent study for conformational transition from one rotational isomeric state to another in 
long chains of liquid n-alkanes. The behavior of the hazard plots for n-butane obtained from our MD 
simulations are compared with that for n-butane of Brownian dynamics study. The MD results for the 
conformational transition of n-butane by a Poisson process form the total first passage times are different from 
those from the separate t—>g and g—first passage times. This poor agreement is probably due to the failure 
of the detailed balance between the fractions of trans and gauche. The enhancement of the transitions —g and 
g—>t at short time regions are also discussed.

Introduction

In recent papers,1-3 we carried out equilibrium molecular 
dynamics simulations of three different models for liquid 
alkanes to investigate the thermodynamic, structural, and 
dynamic properties of liquid normal alkanes (n-butane to n- 
heptadecane) and branched alkanes (isobutane, 4-propyl 
heptane, 6-pentyl duodecane, and 5-dibutyl nonane). In the 

present paper the same technique is applied to study the 
segmental motion of normal butane as the base case for a 
consistent study of conformational transitions from one 
rotational isomeric state to another in long chains of liquid 
n-alkanes.

In recent years, there has been considerable experimental 
and theoretical interest in the dynamics of molecular 
conformational motion in solution. Computer simulation of


