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The phosphorescence of phenazine (PZ) and quinoxaline (QX) was investigated after pulsed laser excitation
in the glass-transition range of several alkane solvents. Three relaxation processes of PZ and QX in the
metastable triplet state;,Twere studied as a function of temperature: (1) the decay of the selective population

of the strongly phosphorescent triplet substatediie to spin-lattice relaxation (SLR), (2) the time-dependent

red shift of the phosphorescence spectrum due to the solvation of triplet-state molecules, and (3) the decay
of the phosphorescence polarization due to orientational relaxation (OR). Various aspects and connections of
the mechanisms governing the three relaxation phenomena are discussed. The relaxation dynamics were
characterized at temperatures above the glass-transition temperature of the respective solvent, where the
fundamental processes involved are strongly dependent upon the solvent viscosities. For the systems treated
here, OR and solvation were satisfactorily described by a Velgelcher-Tammann temperature behavior.

SLR also depends on properties of the alkane solvent above the glass transition. Upon cooling, SLR becomes
independent of the specific solvent properties and is based on mechanisms that are typical for amorphous
glasses or solids. (This particular aspect will be the subject of a subsequent publication, part 2).

1. Introduction differences k™ — k2 and K — K2 could be found.

Investigations on organic molecules in their metastable triplet However, it turned out that this expectation was much too
state (%) using methods of magnetic resonance are highly OPtimistic, because the effeqtlve SLR rates were found to be
restricted irfluid solution as a result of fast spin-lattice relaxation More than 3 orders of magnitude greater than OR rates- (
(SLR)1 The rotational motion of triplet-state molecules causes k) at a given temperatufen fact, in the glass-transition range,
very effective spin relaxation even ifiscoussolution. An exact WO processes contribute to SLR: (a) a thermally activated
correlation between SLR and the coupling of aromatic triplet- Process (SLR dominating SLR at higher temperatures in
state molecules to their molecular environment in solution, Viscous solution, well above the glass-transition temperature,
which is based on rotational diffusion and solvation dynamics, @nd (b) a process (SLRhat is active at low temperatures, where
has not yet been found. To study the connection between SLRthe solvent forms a hard amorphous glass.
and orientational relaxation (OR) in highly viscous solution, ~ The present investigation is part 1 of a continuation of the
we previously investigated the time-dependent phosphorescencavork in ref 2 and will deal with the following issues, which
of phenazine (PZ) in the glass-transition range of two alkane have not been addressed previously:
solvents? SLR in the triplet state of PZ leads to an initial change (A) In ref 2, the hypothesis was made that the high-
in the phosphorescence intensity from which an effective rate temperature SLR mechanism is solvent-dependent, whereas the
coefficient,ks, for SLR can be deducéd’ The rate coefficient low-temperature mechanism of SLR (S).Bhould be virtually
k. for OR can be obtained from the dynamics of the phospho- independent of the solvent. To verify this prediction, SLR rate
rescence depolarizatidni® The original expectation at the start  coefficients of triplet PZ were systematically measured over a
of the work in ref 2 was that, in a sufficiently viscous solvent much wider temperature range and in several glass-forming
at low temperatures, SLR and OR could be observed simulta- alkane solvents. Additional measurements performed with
neously. To find a relationship between SLR and OR, two quinoxaline (QX) in 3-methylpentane (3MP) will also enable a
similar glass-forming solvents (sol) with significantly different better interpretation of the data obtained previodshese
glass-transition temperaturel, were used. We expected that measurements will be presented in sections 3.2 and 3.2.1.
in the glass-transition range, where the viscosities of the two  (B) In section 3.2.2, we will show that optical spin polariza-
solvents obeys* > 7502 both of the effective rate coefficients  tion (OSP), that is, strongly selective intersystem crossing (ISC)
ks and k- would obey the following relationship&®™* < k&2 S, ~ T, from the lowest excited singlet state ® the three
and KK°* < K°2 and that a simple correlation between the triplet substates i (i = x, y, z) of the metastable triplet state

— - - T4, is independent of the excitation wavelength.

T Part of the special issue “tyen Troe Festschrift”. . _
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y Yy TABLE 1: Triplet Substate Parameters of PZ in a Biphenyl
I ' Crystal*17 at 1.2 K and of QX in a Durol Host Matrix 2728 at
1.24 K&
N N
@i D:@'X @%\ X sovent T Po Koadkia k(s
N N> Pz Tix 0.9625 1.000 200
Ty 0.0106 0.020 14
L — Ti, 0.0269 0.020 7
x4 QX Ti 0.9551 1.000 11.1
T 0.039 cm! Ty 0.0210 0.020 0.59
IX=g jto 022 om-! T1y — Ty 0.0239 0.015 0.40
T1y 0.121 cm-’ a Primary probabilitiespio, of the population of T were calculated
0.086 cm-! ’ from P; in refs 4 and 27 usingi, = P/ZiP;. To avoid rounding errors,
' we are using more figures fqx, than given forP; in the literature.
T1z \ 4 T \ 4

1z represents the phosphorescence intensity immediately after
Figure 1. Left: triplet substates of PZ in a biphenyl host crystal at excitation (att = 0). The most important kinetic aspects of the
1.2 K from ref 4. Right: triplet substates of QX in a durene host crystal three relaxation processes for this study are briefly outlined in
at 1.24 K from ref 27. The axis of the molecule’s coordinate system the following (for a more detailed description of the kinetics,
runs perpendicular to the molecular plane. In statetfie component of. section 2 in ref 2):

S of the total spin is zero. g 3 . . -
Spin-Lattice Relaxationdjf Organic compounds that exhibit
temperatures. The viscosity of the glass-forming solvents usedstrong OSF* are particularly suitable for the determination of

was not known at the temperatures where OR times were SLR rate coefficients. Because OSP creates nonequilibrium
measured. As a result of new viscosity data, measured at everfoncentrations of the three triplet substates upon pulsed excita-

lower temperatures using a falling-ball viscosiméfes, quan- tion, no resonant microwave field is necessary to saturate one
titative evaluation of OR rates is possible and will be discussed ©f the triplet-substate transitionsi ™ Ty (i, ] = X, y, 2). At
in section 3.3. sufficiently high temperatured (> 20 K) SLR is fast compared

(D) For probe molecules in highly viscous/glassy solvents, O the total triplet lifetimero = 1/ and, therefore, leads to a
the solvation dynamics of the triplet state must also be Boltzmann e_qumbrlum in the pppulatlon of the triplet s_ubstates.
considered in investigations of the time-dependent phosphores-1 huS; effective SLR rate coefficientks( can be determined by
cence, because solvation occurs on a time scale that is relevanfienitoring the initial change in the intensity of the phospho-
for the observation of OR and SLR. In ref 2, the solvation of &Scence decay, which is obviously also dependent upon the
triplet molecules was only treated in the form of effectve individual radiative constantsq(ad of each substatesT The
rate coefficientke, of the molecular environment relaxation factorfsin eq 1 takes the following form:

(MER). Even though the treatment kfbears useful empirical 3

character, as will be shown in this paper, measurements of time- ) =1+ Z1(3pip — 1)ki,rad expkd) )
resolved phosphorescence spectra of PZ in 2,3-dimethylpentane s 3 1

(2,3DMP) will be presented in section 3.4 and discussed on I=1rad

the basis o;;tnplet solvatiot?:* wherepi is the relative probability of the population of; by

In part 214 measurements (_)f the phosphoresce_nce of PZ andOSP &ipio = 1) andkiaqis the rate coefficient of the radiative
QX at temperatures beloW, will be presented to discuss SLR  gecay of T; (see Table 1)ks is the effective rate coefficient of

in disordered alkane glasses. Our previous Woslas not SLR, which is dependent on the individual SLR rate constants
conclusive as to whether SILR better described by a thermally wj of the transitions T ~> Ty (i, ] = X, y, 2). The relation

activated process or by a power law. In part 2, different models betweenks andw; will be treated in part 2%

for the temperature dependence of $ld@wn toT = 20 K The two compounds, PZ and QX, are two particularly suitable
will be discussed. o , compounds for SLR measurements as a result of their photo-
1.1. Phosphorescence Kineticg\part from the normal triplet physical properties, which comprise not only strongly selective

decay described by the rate constey (1/3)2ik (wherek = ISC (either substate T is populated with a probability of
Kirad + Kinraa IS the rate coefficient for the radiative and - g5esp.417pyt also large differences in the radiative decay of
nonradiative decay of the individual triplet substatg With i their triplet substateskradkiaa < 0.005:i = vy, 2). The

= X ¥, andz see Figure 1), the time dependence of the ,nqiqphysical properties of the triplet substates of PZ and QX
phosphorescence of aromatic compounds after photo-excitation, . symmarized in Table 1 and Figure 1.

is in general affected by three different relaxation processes:  jentational Relaxation (. Upon excitation with linearly

SLR, OR, and the solvation qf the excited triplet which we will polarized light, OR can be observed by monitoring the decay
also refer to as MER. The time dependence of the phospho-q¢ the phosphorescence polarization. The phosphorescence

rescence intensity(t), can be represented by depolarization is a measure of the slow rotational diffusion of
molecules in a viscous solution. For molecules having at least
1(t) = 1o exp(kot) f(t) f(.x.1) fo(4,1) (1) one two-folded axis (point groupB, and Cy, in the case of

PZ and QX, respectively), OR can be described by two
provided SLR is much faster than the decay of each triplet exponentiald® Moreover, if the shape of the solute molecule
substate and MER does not change the total triplet decaycan be approximated by a rotational ellipsoid and when at least
(abbreviations and notations are in accordance with those inone of the two transitions involved is polarized in the direction
ref 2). Besides the total triplet decayescribed by exp{kot) of the rotational axis of the ellipsoid, OR can be represented
in eq 1, the three time-dependent factdré, = s, r, ), account  with sufficient accuracy with only a single exponenfiaf? p-
for SLR (fs), OR (), and MER ¢{); if SLR, OR, and MER are (t) = exp(—kt), wherek; is the rate coefficient for OR. For the
much faster than the overall triplet decay, thensimply two compounds investigated here, this is the case (see section
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3.3), and the factof; in eq 1 takes the form different order of magnitudes of the three relaxation-rate

coefficients,ks, ke, and ky, in the glass-transition range of a
f.(0,k,t) = 1+ (4/5)P,(cosd) P,(cosk) p(t) (3) solvent. At temperatures where in principle all relaxation

processes can have an effectl@), the relationks > ke > ko

with Po(cosé&) = (1/2)[3 cod(&) — 1], (& = 0, «).2122§ is the holds. Due to this fact|(t) could sufficiently accurately be

angle between the emitting and the absorbing transition dipole described by only two exponentials in the glass-transition range

in a solute molecule, andis the angle between the polarization of the alkanes in this study.

directions of the excitation light and the luminescence detection

beam. Fork = 54.7 (magic angle polarization effects are 2. Experiment

eliminated at this anglé®% x = 90°, and«x = 0°, we will use

the notation for the corresponding intensitlegdt), I5(t), and

li(t), respectively.

Sobation (MER, f). Immediately after photo-excitation, the
changed interaction between solute molecules and their molec-
ular environment initiates a relaxation of the surrounding solvent
molecules into a new equilibrium. This relaxation is due to the
changed dipole and multipole moments of the solute in the
initially excited Franck-Condon state compared to those in the

electronic ground state. Environmental adjustments lower the (2) Instead of the previously used nitrogen-flow cryostat, a

energy of the excited state of the solute after excitation. This . 4
. ) .~ new home-built cryostat was employed. With the new cryostat
process of solvation can be observed spectroscopically as a time:

dependent red shift of the phosphorescence spectrum with't was possible to cool the sample to a temperature as low as

nonexponential behavidt.For nonpolar aprotic solvents such 20 K by using liquid helium as the coolant. The temperature of
P . ) P protic the sample was kept constant, withi®.02 K above 70 K and
as the ones considered here, the red shift is generally small

(<100 cnr).12 Nevertheless, because the time scale on which within £0.1 K at lower temperatures. The absolute temperature

. ; . was measured with an accuracy0€.02 K (with a calibrated
solvation takes place can interfere with the measurements of

OR and SLR, it needs to be considered. If the spectral resolutionpt'103 resistor in comblnanon with a tempe_rature controller,
X ) . Lake Shore 330-Autotuning). Photodegradation of the sample
of the experimental setup at the detection wavelength is

significantly higher than the width of the spectral features in was avoided by moving the cuvette relative to the excitation

. . beam, as previously describéét
the phosphorescence specFrum, the dynamical red shift Of the A red-sensitive photomultiplier tube (EMI 9558Q, S20) was
spectrum can lead to an increase or decrease of the time-

i . : used for all experiments. For the measurements of the time-
dependent phosphorescence intensity. An increase or decreas . .
. ) ependent spectra presented in section 3.4, the tube was operated
is observed if the wavelength-dependent phosphorescence

spectrum has a negative or positive slope at the detection'(Cvi(ij(?[ﬂnl%af_nlvgh; ;asfa?eea{z?/e(girggerz\?%w%]éa Aa nlgri%ite?[on
wavelength, respectively. In general, the solvation dynamics is H ’ 9 y ’

. S da@rize: Instruments) was used.
characterized b_y astrongly nonexponen_tlal time depen © Samples.The samples were solutions of zone-refined PZ in
however, the increase or decrease in the phosphorescenc% )

intensity can be empirically described by a single exponential |fferent alkane solvents: 3MP, 2’3DMP’ and the two 11
and, hence, aeffectie solvation timer, — 1ke. The factorf, mixtures by volume of 3-methylpentane/isopentane (3MP/IP)
in ea 1 tak é s the form and methylcyclohexane/methylcyclopentane (MCH/MCP). Zone-

refined QX was only investigated in 3MP. The sample
i i 5 5
£ =1+ mA) expkt 4 concentrations were typlc_ally betvyee_erLCf and 10x 10~
A0 (1) expliel) “) M. All alkanes were fractionally distilled over a 1-m column,
| chromatographically purified, and dried with basic aluminum
oxide. Traces of water were removed by means of a sodium/

Apparatus. The apparatus used to measure phosphorescence
spectra and decays is essentially identical with that described
in ref 2, except for two components:

(1) The nitrogen laser as the excitation light source was
replaced by a dye laser (Lambda Physik F1-2000; DMQ,
365 nm) pumped by an excimer laser (Lambda Physik EMG-
50; XeCl, 308 nm). The dye laser was used for the excitation
of PZ; alternatively, only the excimer laser was used for the
excitation of QX.

where 4 is the observation wavelength. The pre-exponential

f h ith iti i ign. | . . .
actor m(#) can have either a positive or a negative sign. It lead alloy (1:9) in 3MP for the preparation of the QX solutions.

should be noted that describing the effect of solvation on the T I : f the PZ soluti is d ibed in detail
phosphorescence by a single exponential in eq 4 is a profound. e sample preparation of the PZ solutions is described in detal

simplification. Theeffectve rate constank. is only a relative in ref 2; for QX, only step 1 of the published procedure is

measure for the dynamics of the solvation process; its absolute.d'ﬁerent' While a concentrated solution of PZ was filled directly

value cannot be easily associated with a physically relevant Into a degassing bulb of a fluorescenc_e cuvette, QX was first
relaxation time scale. The application of eq 4 is only justified subllme_d at 13C from a Storage flasl_< into a container with a
in an appropriate temperature range on the basis of its goodwell-defmeq volume to estapllsh the right amount qf substance.
empirical functionality fe will only be evaluated here to a have From there it was sybhmed_lnt_o the cooI’ed (_1egassmg bulb (also
a simple way of comparing the temperature dependence of ORCf' r?_f 25,p _23)‘ This epr0|tat_|on of QX’s high vapor pressure
and SLR with MER € solvation). additionally improves the purity of QX.

Being able to observe the three relaxation processes separatel)é Results and Discussion
depends on the experimental conditions, which will be specif- ="
ically outlined for each measurement. The effect of OR can be 3.1. Phosphorescence Properties of PZ and QXThe
eliminated by measurintnadt), which cause$(d,«,t) = 1 in absorption, the phosphorescence, and the polarization spectrum
eq 1. The effect of MER on the time dependence of the of PZ and QX in 3MP are shown in Figure 2.
phosphorescence becomes negligible if a sufficiently broad PhenazineFrom the phosphorescence decay of PZ in 3MP
interference filter (full width at half-maximurr 10 nm) is used on a millisecond scale, a total triplet lifetime of p, = 1/kop;
in the detection beam instead of a high-resolution monochro- = 12.6+ 0.1 ms was found, which agrees well with the average
mator. This causes(4) to be effectively 0 and, thu$s(1,t) = lifetime k71 = 13.5 ms, calculated with the values foigiven
1 in eq 1. A further simplification ofi(t) results from the in Table 1. With the exception of the measurements presented
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12 16 20 ) t / ms )
1 0-3 S/ Cm-1 Figure 3. Effect of SLR on the phosphorescence of PZ in 3MP at 75

K. The phosphorescence decff), was measured for ~ 54.7 and
Figure 2. Corrected spectra of the phosphorescence (left) and the described by eq 5. The dotted line is an extrapolation of the fit to the
polarization degree (bottom left viewgraph) of PZ (thin linesY at time of excitation. The channel dwell time wag4. The lower part of
84.8 K and QX (thick lines) af = 80 K. The corresponding absorption  the figure shows the weighted residuals of the fitt = (lexp — lcaig)/
spectra (right) are measured at room temperature. The solvent was 3MP. /|
for all spectra. Vertical arrows indicate the excitation wavelengths at
365 and 308 nm for PZ and QX, respectively. measured to eliminate the effect of OR. At temperatures where
the viscosity of the solvent is sufficiently high (like in the
example in Figure 3), OR plays no role fift) because it is too
slow to be observed, that ik > k. MER was eliminated for
the measurement of SLR by using a broad-band interference
filter for the measurementnf(1) ~ 0 in eq 4]. Hence, eq 1
reduces tol(t) = lp exp(—kgt) ft). In practice we used the
following equation for the description of the time dependence
of the phosphorescence intensity:

exp

in section 3.2.2, PZ was always excited at 365 mmr*(
transition, $ <— &), where the absorbing transition dipole is
polarized in the long axis of the molecule. The phosphores-
cence was detected in the origin of the spectrum at 638 nm
where the phosphorescence is strongly negatively polarRed [
= (Iy — Ig)/(ly + Ig) = —0.27, see Figure 2].

Quinoxaline From the phosphorescence decay of QX in 3MP
on a millisecond scale, a total triplet lifetimeg g« = 1/ko,gx =

265.2+ 0.2 ms was found, which agrees well with the average I(t) = U.expkt) + V. exp[—(k. + k)t 5
lifetime KG! = 248.1 ms, calculated with the values fior ® s EXPk) sexpl-(s + o)t ®)
given in Table 1. QX was excited at 308 noarf* transition, where the ratio of the pre-exponential factars; V/Us, depends

S, < S), where the absorbing transition dipole is polarized in on py andk; raq (see ref 2)
the molecular plane of the molecule. The phosphorescence was

detected in the second vibronic band of the spectrum at 500 = [(Z°p ok 10/ (ZPiki ra)] — 1 (6)
nm, where the phosphorescence is strongly negatively polarized ' '
(P = —0.23, see Figure 2§, The factors, which theoretically can take a maximum value of

3.2. Spin-Lattice Relaxation.Substate-specific properties of s = 2, is a measure for OSP and will be discussed in section
the triplet state of either compound are listed in Table 1. 3.2.2.
According to different magnetic resonance experiments on 3.2.1. Dependence of SLR on Temperature and Viscosity.
molecular crystal$;l”27.28the initially most populated triplet ~ During the course of this investigation it was discovered that
substate (Ix, probability of population by selective ISE 95%) eq 5 is only valid in the high-temperature regime of SLR, which
is also the most phosphorescent one (cf. Table 1). Because ins essentially within and above the glass-transition range of the
thermal equilibrium at temperaturds> 70 K the population respective solvent. At lower temperatures where the alkane
of the three triplet substates is nearly equal, the phosphorescencsolvents form hard glasses, a third exponential is essential to
intensity must drop tor1/3 of its initial value after laser  describe the effect of SLR on the phosphorescence decay [rate
excitation. Due to this fact, it is possible to observe SLR without coefficientsky, ks;, andksz compare Figure 3T(= 75 K) in
saturating one of the (T~ Ty transitions (for further details  this paper with the measurementTat 40 K in part 2]*4 The
see ref 2). temperaturels at which it is possible to distinguish between
Figure 3 shows an example of the effect of SLR on the initial one and two exponentials for SLR depends on the solvent. The
phosphorescence decay of PZ in 3MP at 75 K. To measure theaccuracy with whiclTs can be determinedi2 K in this study)
initial decay of the phosphorescence after pulsed excitation, thedepends on the time resolution of the measurement. In this paper
emission intensity was monitored with a time resolution of 1 we only report on the results of SLR fdar > T, which we
us. Immediately after laser excitation £ 0 can be found refer to as SLR? whereas SLR belows, denoted as SLRis
through back extrapolation, see the dotted line in Figure 3), the discussed in detail in part’2.
phosphorescence intensity drops, as expectedy1i3 of its Figure 4 shows the temperature dependences of the rate
initial value. For the determination of SLR ratégsgwas always constantd of PZ in four different alkane solvents and of QX
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Figure 4. Temperature dependence of the effective rate coeffidignt
for PZ in 3MP, 3MP/IP, 2,3DMP, and MCH/MCP, as well as for QX

in 3MP. The solid lines were calculated with eq 7. Parameter values
are listed in Table 2.

TABLE 2: Parameter Values of Fits of Equation 7 toks as a
Function of Temperature in the Glass-Transition Range of
Several Solvent3

Es Bs
compound  solvent  As(s) (kImofY) (K™*s?!) «a
Pz 3MP 9.12x 10" 16.67 0.044  3.10
Pz 2,3DMP 1.61x 10 15.10 0.089 2.92
Pz 3MP/IP 4.66x 1012 11.88 0.051 3.06
Pz MCH/MCP 1.48x 104 9.25
QX 3MP 2.55x 10" 10.33 1.374 2.52

a See Figure 4.

in 3MP. On the basis of Figure 4, the distinction of two different
mechanisms, SLRand SLR, becomes obvious. For PZ below
65 K, the solvent matrix becomes sufficiently rigid so that

phonon processes, which are characteristic for a hard glass

dominate the spin relaxation. Within the glass-transition range,
however, the different mobilities of the molecules in viscous
solution gain influence on the spin relaxation. At temperatures
T > 65 K, where SLRis dependent upon the respective solvent,
we conclude that fast irreversible small-scale reorientations o

the solute molecule as a result of rotational-diffusion processes

lead to SLR. A structural relaxation process causing $L&
also strongly supported by the fact that the viscosities of the
solvents;(2,3DMP) > »(3MP) > »(3MP/IP), show the same
relation as the respective relaxation times for §lig2,3DMP)

> 13MP) > 14(3MP/IP); they are compatible. The SLR

mechanism is, hence, expected to be thermally activated over

small enough temperature ranges. We foundkbas a function
of temperature can be sufficiently well-described by

k(T) = A exp(-E/RT) + BT* (@)

Ruth and Nickel

TABLE 3: SLR Times, 7s = 1/ks, from a Fit of Equation 5
to the Phosphorescence Decays of PZ in 2,3DMP at
Temperatures between 68 and 98 K

S= S= S=
T(K) 7s(us) VoUs T(K) 7s(us) VodUs T(K) 7s(us) VoUs
68.0 4814 1.70 790 3071 176 89.0 14.73 1.68
700 4389 1.71 80.0 29.83 171 90.0 13.61 1.64
71.0 4206 170 81.0 2755 1.66 91.0 11.90 1.66
720 4153 146 820 2653 171 920 1059 1.65
730 3863 1.65 830 2425 170 93.0 894 173
740 36.00 159 840 2250 171 940 881 143
750 3466 153 850 21.11 170 950 7.81 142
76.1 34.89 181 860 1942 172 960 6.94 134
770 3384 178 870 17.75 170 97.0 554 133
780 3213 1.79 880 16.35 167 98.0 4.66 150

aValues of the ratio of pre-exponential factors in eq 5 are also given.

parameter an is the associated activation energy. The second
term in eq 7 accounts essentially for properties of the solid
solution in the glass transition. Freezing a glass-forming liquid
leads, according to the “model of the free volume”, to islands
of mobility and nonmaobility, which possess properties of viscous
liquids as well as vitreous solid8.The fitting parametew. in
eq 7 yielded the value of 3 for all solvents and characterizes
the temperature dependence of phonon processes active in the
glass!In the glass-transition range, the second term contributes
only up to 1/6 of the total value di..

The activation energiegs, in Table 2 are similar to values
reported by Gillies et al? who also found Arrhenius behavior
of SLR in benzile crystals at temperatures between—120r
K with activation energies ofz13 kJ mot L. The remarkably
good agreement with activation energies in Table 2 may be
accidental for two reasons: (A) The benzile crystal in ref 30 is
a rigid host matrix and not a highly viscous solution. (B) In
undoped crystals, effects based on triplet excitons cannot be
ruled out. In molecular crystals, defects or impurities can
influence SLR through (%) trapping or thermally activated
detrapping of the exciton energy.

3.2.2. Dependence of SLR and OSP on the Excitation
Wavelength.The factors = VJ/Us from eq 5 was calculated for
all measurements, and it was found that, to a good approxima-
tion, it is independent of the temperature (see Table 3).
Therefore, we calculated the average valsg,for all temper-
atures in the glass-transition range for each solvent. The
following values were found for PZts(= 1.70 in 3MP,[$[=
1.65in 2,3DMP[3[= 1.46 in 3BMP/IP, ands= 1.23 in MCH/
MCP. For QX in 3MP[$J= 1.68 was calculated. The accuracy

f of 80s better than 10% in all cases. The error associated with

sis due to the uncertainties of the amplitudésandVs, which
are based on the back extrapolatiort tuf the time of excitation
(t = 0). Because the time resolution of the measurement is
limited (1 us) for decreasing SLR times, at high temperatare,
values become less accurate. Because only measurements at high
temperatures were performed in MCH/MCP, this may explain
the particularly small value foifor this solvent. Values for
sand SLR timesys = 1/, listed in Table 3, are exemplary for
measurements of PZ in 2,3DMP between 68 and 98 K.

With the known literature values fquo andk; raq in Table
1427 swas also estimated using eq 6. Valuesef 1.78 and
s=1.77 were found for PZ and QX, respectively. These results,

over the temperature range shown in Figure 4. The solid line which are associated with measurement$ at 2 K,*27 agree

in Figure 4 was calculated by means of eq 7; parameter valuesreasonably well with our values df$l] All averages are,

are given in Table 2. however, systematically somewhat smaller than 1.77, especially
The first term in eq 7 accounts for a thermally activated for the solvent mixtures. This indicates that OSP in organic

process due to rotational diffusion, whedg is a fitting glasses does not lead to such extreme ratios of the initial
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A/ nm phosphorescence to avoid any distortions of the analysis results.
375 370 365 360 355 350 345 From the fits,k. andko were determined; values found fig
L were in satisfactory agreement with the results presented in
section 3.1.

- ] e—e—0—00o—¢ M One can derive the mean vali&Tor the angle between the
'v 301 dipole moments of absorption and emission from the intensities
— ] Ii(t = 0) andI(t = 0), which are obtained by extrapolation of
~‘<w20—- the phosphorescence decay to the time0. For PZ in 3MP,

» 1 L2 0 averaging over results at all temperatures yielidls—= 77.6 +
IO ] #—a—a—nn—-mn u 3 15 10.C°, which corresponds to a polarization degreeP@®) =
~ 104 E A P,(cosd)[cos 2¢) + 3]t = —0.284- 0.053132For QX in 3MP,

1 —e—left axis 5'1'0 E (0= 72.5+ 8.0°, which corresponds tB(0) = —0.23+ 0.07.

1 —m—right axis 5-0.5 ® This is in excellent agreement with the measurement of the
0O+—————————1+——7———+0.0 polarization degree shown in Figure 2. The theoretical minimum
265 270 275 28.0 285 29.0 of P = —1/3 (see ref 32) is obviously not reached for either

-3 ~ -1 compound (see Figure 2). Two different interpretations of this

Figure 5. Effective ra:le(t):on \t}ar{I: gn]d ratio VJUs for PZ in result are concelvable:

. 1V S 10SS = s | i i i

Z,gDMP at 80 K as a function of the excitation wavenumber. For the (1) Besides S|O\.N Complete reorlen.tatlon of solute molecules
shown measurementi, = (33.4+ 0.2) x 10° s ands = 1.73 + as a result of rotational d|ffu5|(_)n, OR is also expected to possess
0.01. faster components of a librational nature. One way to account

for faster components of OR is to use an ansatp(@®f =
populations of the triplet substate®, (i = X, y, z, Table 1), as  Zigpi(t) in eq 3 withp;(0) = 1, pj(e0) = 0, andXc; = 1. If each
in molecular crystals at low temperatures. componenp; can be represented by a single exponential, exp-
OSP is expected to be independent of the excitation wave- (—kit), then obviously only the slowest component of OR is
length if the lifetimer; of S; is substantially longer than the  probed in our experiments. Fast reorientational motions remain
averaged relaxation timey, of nuclear vibrations. This is  unobserved; they contribute, however, to the depolarization of
definitely not the case for PZ. Because for PZ~ 7, in S, the phosphorescence. This may explain why even in strongly
ISC must predominantly occur from vibrationally excited states negatively polarized transition®, = —1/3 is generally never
(*) if the molecules are not excited in the 0,0 transition of the reached. The angle 96- [dOwould then become a measure
S; — S absorption band: & »» Tp* ~> T1* »» T4, Because for the contribution of the fast unobservable components of OR
selection rules play an important role for OSP, we investigated to the overall depolarization. These components may even be
whether OSP was dependent on the initially excited vibrational active in solid solutions as a result of their librational character.
mode by measuring SLR times at different excitation wave- Solvation dynamics might conceivably account for such a fast
lengths. We used thevalues obtained as a measure for OSP. component (cp. section 3.5).
In Figure 5, the SLR rate coefficienks and the quotients are (2) If O< 90° is caused by the fact that two differently
shown as a function of the phosphorescence excitation wave-polarized transitions of the phosphorescence are superimposed,
length. All measurements in this figure refer to PZ in 2,3DMP thenld[Cwould not have a simple physical meaning. In that case,
at 80 K. Figure 5 shows that OSP is virtually independent of [WOwould be strongly dependent upon the excitation and
the vibrational state from which ISC occurs becassand ks detection wavelength and, therefore, would only have formal
are practically constant for excitation wavelengths covering a character. Only by detecting at a wavelength at which the
region of approximately 2000 crb, where the $and S polarization degree i® ~ 0 (for PZ at 660 nm for instance,
absorption bands overlap. see Figure 2), one could predict an average angle between the
3.3. Orientational Relaxation. The effect of OR was studied  transition dipoles ofd(~ 54.7 (magic anglef? Experiments
by measuring the time-dependent phosphorescence intensityto test this interpretation were, however, not performed.
li(t,x = 0°) or I5(t,« = 90°). The strongly negative polarization 3.3.1. Dependence of OR on Temperature and Viscdsity.
of the phosphorescence of PZ at 638 nm and QX at 500 nm measurements of OR times, = 1/, were limited at low
(see Figure 2) leads to an initial increase or an initial decreasetemperatures by the triplet lifetimes of PZ and QX and at high
in the phosphorescence intensity whgt) or I5(t) are measured,  temperatures by the time resolution of the experimental setup.
respectively. An example of this phosphorescence-depolarizationBecause QX has a much longer triplet lifetime than PZ, OR
effect due to slow complete OR is shown in Figure 10 of ref 2. times for QX are by a factor of 20 longer in the present work
When OR was observed, the relatidn > k. > k. held. than for PZ at the lowest temperatures. The OR rate coefficients
Therefore, SLR was entirely negligible and the time dependence ks and k.o, which were obtained by fitting eq 8 tiy(t) and
of the phosphorescence was well-described by (cf. eqs 1 andlg(t), agree rather well. This is demonstrated in Figure 6, where
3) ki and kg are displayed as a function of the reciprocal
temperature.
I(t) = U, exp(—kqt) + V, exp[—(k. + k)] (8) The temperature dependencekgfwhich was calculated as
the averagé/,(kq + ko), was satisfactorily described by an
whereU; = lg andV, = 1o(1/5)[3 cog(d) — 1][3 co(k) — 1]. Arrhenius law
The fact thatk. is only by a factor of~10 larger thark for a
given temperature had to be considered at lower temperatures K(T) = A ar €XP[—E; a/(RT)] 9)
where the mean solvation time becomes long enough to be
noticeable in the phosphorescence decay. Although an interfer-The corresponding values of the temperature-independent
ence filter was used for the phosphorescence detection toactivation energiek; o and the parametess A are shown in
minimize the solvation effect on the emission intensity, up to Table 4. The extremely large frequency factég,, in Table
the first 100us were omitted in fits of eq 8 to the time-dependent 4 indicate, however, that the description of OR rates by an
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Figure 6. Arrhenius plot of the rate constarksfor PZ in the solvents
2,3DMP, 3MP, and 3MP/IP. Circles and squares refer to different
polarization directions. The solid lines were calculated with eq 9, and
the corresponding parameters are listed in Table 4.

TABLE 4: Parameter Values of Equations 9 and 16°

compound  solvent eq A(shH  E(kImoll) To(K)
Pz 3MP 9,Arr  2.09x 10% 51.48
Pz 3MP 10, VFT 4.43< 10 11.10 525
Pz 2,3DMP 9, Arr 5.13x 10% 55.30
Pz 2,3DMP 10, VFT 1.0k 10'® 15.40 50.7
Pz 3MP/IP 9,Arr 4.82« 10%° 46.43
Pz 3MP/IP 10, VFT 1.48< 10" 6.78 56.0
QX 3MP 9,Arr  1.32x 10% 52.00
QX 3MP 10, VFT 5.49x 10 11.47 49.6

aEquations 9 and 10 were fitted kp = Y5(ky + ko) as a function
of temperature® The detection wavelength was either 636 or 640 nm
for PZ and 500 nm for QX.

Arrhenius law is not necessarily meaningful. The Arrhenius fit,
hence, has empirical character and is likely to yield satisfactory
values only over the temperature range shown; extrapolations
may only be adequate up to temperatures where the increase o
T/y (n = viscosity of the solvent) is not larger than a factor of
~10. The introduction of a temperature-dependent activation
energy,E;ver(T) = Eran[ T/(T — To)], drastically reduces the
pre-exponential factor. Fits of the VogeFulcher-Tammann
(VFT) law33

K(T) = A ver €XPI=E, ver/R(T — Ty)

to k; values as a function 6f~1 are shown in Figure 7 (dashed
lines) for all measurements; parameters are also listed in Table
4. The temperaturdy in eq 10 is like the glass-transition
temperatureTy, a characteristic quantity for a glass-forming
liquid,®* and is generally between 20 and 40 K lower tfigA>36
All values for Tp agree surprisingly well (within 10%) with
values that were found in the description of the temperature
dependence of the solvents’ viscositigél), by a VFT law in
the highly viscous regim&.36

For measurements of PZ in different solvents, it is expected
that OR times increase with increasing solvent viscosity, that
is, with increasing molecular friction. This is evident in Figure
7. By comparing OR times of PZ in 3MP with those of QX in
3MP, one may qualitatively expeat(PZ) to be similar or
somewhat larger than(QX) because QX is only slightly smaller
than PZ Dpox > Dppz) and, therefore, assumingly less solvent
molecules of the solvent cage take part in rotations over

(10)
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10°3
‘v 10"
~ 5
X ] i

O PZin3MP
O PZin2,3DMP

9.0 9.5 10.0 10.5 11.0 11.5
10° T /K™

Figure 7. Temperature dependence of the mean rate constarts
Ya(ky + k) (big hollow symbols) for PZ in the solvents 2,3DMP,
3MP, and 3MP/IP, as well as for QX in 3MP. The dashed lines were
calculated with eq 10, and the corresponding parameter values are listed
in Table 4. The smaller symbols are calculated with egs13 for g
= a/b = alc = 2 (also see text). The solid lines were calculated with
eq 14 for an asymmetric ellipsoid in the limit of slip boundary
conditions. Values foD; (i = 1, ..., 3) were calculated using =
0.07,k, = 7.85, andkz = 7.08 for PZ (ellipsoid:a/b = 0.33 anda/c
=0.3) andk; = 1.58,k2 = 6.21, andc; = 1.58 for QX (ellipsoid: a/b
= 0.6 anda/c = 0.3)*

reasonably large angles. Thus, the mechanical friction with the
solvent is expectedly lower for QX and rotational-diffusion
processes are less hindered than for PZ. If dielectric friction
played a role at all in a non-dipolar solvent such as 3MP, the
interaction of QX with the solvent molecules would even
ncrease the OR times of QX compared to those of PZ as a
result of their difference in dipole moment. To our surprise,
however, the mean difference between the OR times of PZ and
the OR times of QX turned out to be rather large{QX) ~
3k(PZ) (see Figure 7). This large difference must be mainly
based on the different dimensions of the molecules. Because a
single exponential was sufficient to describe the time-dependent
phosphorescence depolarization, we used the modified Debye
Einstein equatio@?20.37

7, = (6D) " = (Ve CJ[P(aDkg T] (11)

to calculate absolute valuesof In a first approach, we applied
eq 11 assuming) “stick” boundary conditions® that is,C =

1, and (ii) that the rotating molecule can be approximated by a
symmetrical rotational ellipsof with a long half axisa, and
short rotational half axedy and c (with b = c). Because the
transition dipole moment is quantized along the long axis for
PZ*0 and QX' at the respective excitation wavelengthskis

in Figure 1), both molecules were approximated by a prolate
ellipsoid @ > b). In eq 11,Dg is the rotational-diffusion
coefficient for rotations about one of the short aXég,is the
effective molecular volumey is the solvent’s viscosity, and
®(q) is a form factor that depends on the rafje= a/b. ®(q)

is given by
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3ql2¢” — 1)Y — q] ]
®(q) = . (12) R EER
20— 1) 1073 o,
] o)
where the quantityf depends on the sign of — 1. Forg > 1 2 =N
(prolate ellipsoid)Y is given by T 4' a
» 1073 2 "
~~ ]
In[q+ +/(q° — 1)] - o
Y= - 13 x PZin b
v - 1) 10°y o 3mP %,
] A
The effective volumé/, is obtained from the density and 4 3MPIP -
the molar masM of crystalline PZ and QX at room temperature, © 2,3DMP
Vim = FM(oNy) 1, assuming a space-filling factbra 0.8. Using 1()2 T T T T T - T d T
p ~ 1.34 g cnm3 andM = 180.21 g mot? for PZ yieldsVy pz 078 080 082 084 0.86
~ 1.7 x 10722 cm®, and for QX,Vmox ~ 1.4 x 10722 cn? is T -1 / T -1
estimated using ~ 1.13 g cnt® andM = 130.15 g mot™ g

The VISfCOSIlIes,n(sz, 2W;|Ch cover thek relt;‘vant temgeraturef Figure 8. Master plot of OR rates. The ratkswere scaled according
ranges for 3MP and 2,3DMP, were taken from VFT fits in ref 4% glass-transition temperatur@s(2,3DMP) ~ 88 K, To(3MP) ~

11, where new data were taken with a falling-ball viscosimeter. go K, andT,(3MP/IP) ~ 74 K38
For measurements in 3MP/IP, values mpfbelow 90 K are
extrapolated and are taken from Ruth etalith a ratio ofq erations, the ratiog~! = 0.5 andq~! = 0.75 were assumed for
= 2 [i.e.,, ®(2) = 0.6645] for PZ, adequate values for the OR PZ and QX, respectively. OR rates for PZ in different solvents
rates were obtained for measurements in 3MP/IP, as shown byare equally well-described by the same asymmetric ellipsoidal
the small solid symbols in Figure 7. For PZ in 3MP, values of geometry (see Figure 7). This corroborates the validity of “slip”
k- appear to be somewhat too small, and in 2,3DI s even boundary conditions, which should not vary for very similar
systematically too small for all temperatures. This indicates a nonpolar solvents made up of molecules that are smaller than
significant deviation from the “stick” boundary condition for the solute. The model only comprises the hydrodynamic friction
the corresponding solvensolute combinations. Using a reason- of a continuum fluid; the contribution of dielectric components
able ratio ofg = 1.3 [i.e., ®(1.3) = 0.9112] for QX yielded to the friction coefficient cannot easily be quantified and should,
values fork, that are a factor of£2.4 smaller than the measured in the present context, be of negligible relevance.
values (not shown in Figure 7). This means that an empirically ~ Our results concerning OR rates of QX in 3MP are in
determined facto€ ~ 0.42 in eq 11 would produce much better agreement with recently published data by Yang and Rithert
OR rates in the case of QX, which corroborates a severe flaw who measured OR rates at lower temperatures betwesh
of the assumption of “stick” boundary conditions in the present and 88 K, whereas we covered the range from 88 to 100 K. At
case. An attempt to approximate QX by an oblate symmetrical first glance, their value df ~ 200 st at 88 K (from Figure 5
ellipsoid on the basis of the assumption that a significant in ref 45) seems to disagree with oukg(88 K) ~ 15.5 s,
component of the transition dipole moment is quantized along This discrepancy is, however, due to the fact that the recorded
the short in-plane axis (a superposition of transition moments temperature of the liquid in ref 45 was possibly 2 K lower
is possible in the inhomogeneously broadened absorptionBand) than the actual temperature, as stated in the corresponding
also yielded even smaller orientational rate coefficients for experimental sectioff Because we find a VFT-interpolated
“stick” boundary conditions. value of k, = 200 st at ~91 K, which & 3 K above the

To address the shortcomings of the above considerations, theemperature shown in ref 45, the two measurements are in
factor £ = 6VC®~1, which represents the hydrodynamic agreement. Moreover, Yang and Richert also report single
rotational friction coefficient, was calculated for “slip” boundary exponential behavior of the time-dependent anisotropy, and they
conditions?? assuming an asymmetric rotational ellipsoid. also found the temperature dependence to be satisfactorily
Because the transition dipole moment is oriented along the longdescribed by a VFT law, in agreement with our data.
axis for PZ and QX, and since only a single exponential was  3.3.2. Scaling of OR in Different Sants. An empirical
observed in the time-dependent phosphorescence depolarizatiorrelation between the rate coefficients of OR in different solvents
the OR times were calculated usfég follows from the concept of corresponding stéteshich relates
different quantities of molecular relaxation phenomena by a
simple scaling law. In the present case, a temperature scaling
using a single factoig,, connects the temperature dependences
of OR rate coefficients for different alkane solvents in the
following way:

_ 1 4D, +D,+D;,
"~ 12\D,D, + D,D, + D,D,

T (14)

whereD; = kg T/(Vmiki) are the diffusion coefficients along the
long axis §&; i = 1), the short in-plane axig/(i = 2), and the

/
out-of-plane axis# i = 3). Values for; are listed for a general |<r3MP(T) ~ |<§MP Ip(grlT) (15a)
ellipsoid in ref 44; for PZ we used interpolated values. The solid . SOMP

lines in Figure 7 correspond to the best results of OR rates IMP(T) ~ K*PMR(g,,T) (15b)

calculated with eq 14 usings = 0.07,«, = 7.85, andks =
7.08 for PZ [ellipsoid:b/a = 0.33 & gq~1) andc/a = 0.3] and
k1 = 1.58,k, = 6.21, andkz = 1.58 for QX [ellipsoid: b/a = the ratio of the respective glass-transition temperatfifghe
0.6 &= g1 andc/a = 0.3]#* The ellipsoidal dimensions for  different solvents. If one normalizes the reciprocal temperature
the two molecules are quite different in comparison to the scales in Figure 7 for the different sets of OR measurements in
previous approach where, on the basis of geometrical consid-3MP, 3MP/IP, and 2,3DMP to the glass temperafige® of

with gr; =~ 1.081 andy, ~ 1.189. The factorg, correspond to
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Figure 9. Time-dependent red shift of the 0,0 transition of the 0,0 band of the phosphorescence of PZ in 2,3DMP measured25
phosphorescence of PZ in 2,3DMP at 99 K. Dashed line: delay after us after excitation?(0) = 15 648 cn* and () = 15 624 cnm* used
excitation 5us, gate width 2Qs. Solid line: delay 20 ms, width 0.5  in eq 16 are taken from this graph.

ms. Total shift~ 24 cnt. 10 . . . . '

one of the solvents (e.g., 3MP), the data will produce a single PZ in 2.3DMP
universal curve (master plot), see Figuré’&his shows that ’
the concept of corresponding states is applicable in the present 0.84
case. It has the advantage that only one parameteris
necessary to correlate two different sets of relaxation measure- > 0.6
ments. For the scaling in Figure 9, glass-transition temperatures~
of T(BMP) ~ 80 K, T¢(3MP/IP)~ 74 K, andTy(2,3DMP) ~

88 K were used® The latter value is somewhat higher than
Ty(2,3DMP) =~ 85 K, estimated in ref 36. The glass-transition
temperatures of 2,3DMP and 3MP are in sufficient agreement 0.2-
with the values off4(2,3DMP)~ 87.5 K andTy(3MP) ~ 78.5

0.4-

K stated in ref 48. 0.0 m
A bifurcation of the OR process, which was predicted b¥ us : 0 T 5 o 10 ' '15' s '2'0' o '2'5
to occur in the temperature range investigated, cawtbe
confirmed. The reasoning in ref 2 was based on the discrepancy t / ms
between calculated and measured relaxation timest low Figure 11. Stokes shift correlation function of PZ in 2,3DMP at 96 K

temperature. The fact that in total only a few data points were (®) and 99 K @) according to eq 16. The time window per data point
available at the time of publication of ref 2 increased the increases with increasing time. The solid lines were calculated with eq

P 7 using the parametetaw(96 K) = 4.1+ 0.5 ms andruw(96 K) =
significance of each measurement, and, therefore, results were) " 5 54 MS Bm = 0.53+ 0.08 in both cases.
overinterpreted.

3.4. MER (Solvation)-Temperature Dependence.The which is normalized to the time of excitation, that&0) = 1
solvation of triplet-state molecules, which only requires the andC(ew) = 0. In eq 16,7(0) and# () are the limiting values
partial reorientation of solute and solvent molecules, can be of the mean wavenumber at the time of excitation and after
observ_ed in highly viscous solution _through a time-dependent fully completed solvation, respectivelj(0) and# () can be
red shift of the phosphorescence. Figure 9 shows the 0,0 bandjetermined from the temperature dependence of the Stokes shift,
of the phosphorescence spectrum of PZ in 2,3DMP at 99 K in g5 jllustrated in Figure 10, where the mean wavenumber in the
two time windows after excitation: -520 us and 20.6-20.5 time window between 25 and 75 after excitation is shown
ms. The total red shift of the spectrum s24 cn! is small as a function of temperature for PZ in 2,3DMP. Figure 10 shows
due to the fact that PZ has no permanent dipole moment andthat, in the vicinity of the glass-transition temperatufg4 88
2,3DMP is also a non-dipolar solvent. In pOlar |iquidS, red shifts K in 2'3DMP) and at h|gher temperatur@s1(04 K)' the mean
of several hundred wavenumbers have been repéttétThe wavenumber appears to be largely temperature-independent.
dynamics of the solvation process can be studied by measuringThis is due to the fact that changes in the spectrum become too
the position of the 0,0 band as a function of tifié>The same  sjow or too fast to be easily measurable, respectively. The values
part of the spectrum, up to the onset of the first vibronic contour of (86 K) = 15 648 cnt? and #(114 K) = 15624 cni in
band, was always measured for this purpose. The spectralrigure 10 were, therefore, associated wi¢d) and#(«) in eq
pOSition of the band was determined through the mean wave- 16, assuming tha"t(o) is indeed temperature_independent and

number,(t), which is the point in the spectrum that halves the thati(w) is reached for all temperatures after a sufficiently long
area under the band. The time-dependence of the red shift wagime.

described by the Stokes shift correlation functiéf; > An example of the correlation functig®(t) in eq 16 is shown
- - in Figure 11 for PZ in 2,3DMP at 96 and at 99 K. The time
clt) = () — ¥(0) (16) window for each data point in Figure 11 increases with

7(0) — V(c0) increasing time, and all measurements were taken in the linear-
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response regimé& C(t) generally exhibits nonexponential 144 0+ 1 a1
behavior in highly viscous glass-forming solvet§ and can J __— detection at 635 nm L
be described by the empirical KohlrauséWilliams—Watts 1.2 B

function
() O exp(— l)ﬂ . (17)

sol c v . L
o 1 detection at 643 nm I
The solid lines in Figure 11 were calculated wit}(96 K) = 0-6t i
= 4.1+ 0.5 ms andtrso(99 K) = 0.70+ 0.04 ms. The same " 0.4- N

nonexponentiality parametgto = 0.53+ 0.08 could be used O T L
for both correlation functions measured at 96 and 99 K. Thisis *= 0.2 PZ in 2,3DMP -
expected owing to the small difference in temperatures of only .
3 K (compare with Table 1 in ref 45). A nonexponentiality 0.0 — T T T T

parametefiso = 0.5 was also found in solvation studies of PZ 44—t

in 2-methyltetrahydrofursit and of QX in 2,3DMP (85-96 K) ~ 0_:

and in 3MP (74-88 K) by Yang and Richer® < WWWWWW
With increasing temperature, the initial shift of the spectrum -4 ]

after excitation becomes very fast (see, e.g., Figure 3 inref 12). _ 3 ' | | E

As a result of this critical temperature dependenc€(f, the <10

characteristic solvation timezsy, can no longer be easily 43

determined through fits of eq 17 to experimental data on the 0.0 0.2 04 0.6 0.8 1.0 1.2

basis of the dynamic red shift of the spectrum. t/ ms

However, because the solvation also affects the time- )
dependent phosphorescence as outlined in the introduction (cf.F19ure 12. Phosphorescence decdyd) of PZ in 2,3DMP at 104 K.

eq 4), the phosphorescence of PZ was systematically measure he dynamic red shift of the spectrum leads to an initial increase or
a4) P P Y y ecrease of the phosphorescence, if the light is detected with a high

in the turning points of the 0,0 transition to establish the gpectral resolution€0.4 nm) in the turning points of the 0,0 band,
temperature-dependent behavior of solvation dynamics on therespectively (wavelengths shown in the graph). The lower part of the
basis of this purely qualitative description. figure shows the weighted residuals of a fit of eq 18 to the experimental
For PZ, the phosphorescence was detected at 635 nm (shorteurve: Al = (I exp — lcad/4/!
wavelength side of the 0,0 bantblue”) and at 643 nm (long-
wavelength side of the 0,0 bantired”) with a spectral T/K
resolution of 0.4 nm, using the magic angle to avoid any 110 10
depolarization effects. At the temperatures where this simple ! '

0 90
approach was used, SLR is too fast to be observable with our 10 i g('?n33|\1/\ln'zlp F
time resolution. Figure 12 shows an example of the fast initial o PzinamP |
decrease or increase of the phosphorescence obtained upon 4 [
photon detection in the “blue” and “red” edges of the 0,0 band, 103
respectively. The maximum of the 0,0 band immediately after I(I) a :

o [

exp

80

excitation is ar638 nm. Because in principle solvation is not  ~ 3 | 0000 oo AAan
complete even after timds> 7o, the normal triplet decay and ~\<®10
the effect of solvation on the phosphorescence are not inde- [
pendent. In other words, boundary conditions to normalize the 102_ i
initial intensity change to the main triplet decay cannot be found 0 PZin2,3DMP F
in this approach. This is the reason for the effect being only e PZin2,3DMP (KWW) XX
qualitatively well-described 5y 10" .

9 10 11 12 13
Ue exp(—kgt) + Ve exp[—(k, + ky)t] (18) . . .
Figure 13. Activation plot of the averaged rate coefficierks =
Yo(Ke piue T Kered. The solid lines were calculated with eq 19; parameter
values are listed in Table 5. The solid symbols correspond to the two
measurements d&o = 1/tsq Of PZ in 2,3DMP (see Figure 11).

at temperatures whete > ko. In eq 18,Ue = lg and Ve =
lom(1) (see eq 4). Rate coefficients, obtained upon detection
on the “blue” kepid and “red” (kered Sides of the 0,0 band,
were in good agreement and differed only byZ5%. Hence,  scale of solvation. At higher temperaturelg(T) can be

the overall rate coefficient was determined through= represented by a VFT law:
l/Z(ke,que+ ke,re()-
The temperature dependencekgfwhich is only arelative k() = A ver €XP[—Eq v/ R(T — Ty)l (29)

measure for the time scale of solvation, is shown in Figure 13

for PZ in 2,3DMP, 3MP, and 3MP/IP and for QX in 3MP. At The solid lines in Figure 13 were calculated with eq 19, and
temperatures wheltlg is not significantly larger than the triplet  the corresponding parameters are listed in Table Buas taken
decay ratekp, the factorm(1) becomes small ankl apparently from Table 4 and fixed for the fit of eq 19 to appropriate values
becomes temperature-independent. This is an artifact andof ke(T). The activation energieBe vrer (Table 4) agree quite
illustrates at what temperature the empirical descriptiolgf well with E; ver (Table 5), which means that the ratigk, is

by eq 18 does not yield values lkofanymore that are meaningful  not changing dramatically over the considered temperature
for the qualitative description of the temperature-dependent time range. This is in agreement with the results of Richert and co-
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TABLE 5: Parameter Values of Equation 13P the probe molecule is due to the coupling of the solvent’s

compound  solvent eq  A(s) E.(kdmoll) To(K) structural dynamics to the rotational motion of the solute makes
Pz 3MP 19 VET 11k 10° 705 525 a potential intercept of the OR (or MER) trace with that of SLR
p7 23DMP 19, VFT 2.7k 10 11.32 50.7 extremely doubtful. If the rotational mobility (librational motions
PZ 3MP/IP 19, VFT 2.9% 10 5.98 56.0 due to hydrodynamic and dielectric changes of the solvent cage
QX 3MP 19, VFT 1.06x 10 9.95 49.6 upon excitation) is the basis for spin relaxation in viscous

a Equation 19 was fitted the = Y(ke e+ kered as a function of solution, then it is more likely that SLR rates will increase faster
temperature® VFT parametefT, was fixed at the value found in the  than thermally activated rates with increasing temperature and
activation plot of OR rates. Compare with the values in Table 4. gradually approach the temperature dependence of OR (and

MER). Because SLR is, by a factor 6f100, faster than MER
TIK and OR in the glass-transition range, the rotational mechanisms
100 90 8.,0 0 10 responsible for SLR are not directly observable through an effect
! ) on OR or through an effect on solvation. To test the notional
; PZ in 3MP prediction of the temperature dependencé&pfmeasurements
i £107 with a higher time resolution at higher temperatures are required,
which cannot be performed with the present apparatus whose
time resolution is ultimately limited by the dead time of a
mechanical chopper (0.8s) used to separate the prompt
fluorescence from the phosphorescence.

It is evident by the temperature dependence of the inverse
viscosity in Figure 14 that OR and MER of the solute are based
on reorientation mechanisms that are strongly linked to the

0.8 0.9 1.0 11 structural relaxation of the solvent. The fact that the traces of
T/T OR rates and MER rates are, in good approximation, parallel
9 shows that both relaxation phenomena are based on reorienta-
Figure 14. Comparison of the effective rate coefficients of OR),( tional mechanisms whose physical natures are very similar, if

MER (ke)*la”.d SLR&) ?f( '.Dzhi” 3'.\";3 g'_‘;ﬂ axis), as "‘I’e" as the SO'Ve”t'IS not the same. This result supports the findings of Wang and
reciprocal viscosityy ! (right axis). The reciprocal temperature scale . 54 .
is normalized toTy of 3MP at 80 K. The VFT description of OR and Richert* who were able to measure the time-dependent

MER rates (solid lines) is extrapolated to higher temperatures (dashed@nisotropy (fi) and the Stokes correlation functid{(t) for
lines). The description of SLR rates according to eq 7 (solid line) and the same set of data using different aza-aromatics in several

their Arrhenius contribution (dotted line) aboVgare also shown. SLR  solvents. Reference 54 also reports reproducible differences of
below Tg will be discussed in part 2. the characteristic solvation timeso, when derived fronCr(t)
andCy(t) (measured withr = 90° and @, respectively). In that
context,zso was also shown to be dependent on the quantization
of the transition dipole moment of the solute molecule. This
important result by Wang and Richert supports our previous
assumption in ref 2 that OR is expected to possess faster

agree quite well with the temperature-dependende (Figure compon_ents of a librational n__ature: 0] very fast partigl OR
13). This good agreement on an absolute scale is probably"®SPonsible for SLR (c-OR), (ii) slower partial OR leading to

accidental. It illustrates, however, tHatT) seems to represent  cOmplete solvation (b-OR), and (iii) slow complete OR causing

the relative change of solvation with temperature sufficiently full Phosphorescence depolarization (a-GR)MER can, hence,

well. be interpreted as a fast component of rotational diffusion with
3.5 Relaxation Processes of SLR, OR, and MER (Solva- a small amplitude, that is, b-OR. c-OR has not yet been observed

tion) in Comparison. In Figure 14, the effective rates of OR, directly.

MER, and SLR are semi-logarithmically shown (left axis) asa  Yang and Richeft established criteria which predict the

function of the reduced temperatug/T) for PZ in 3MP. The degree to which a-OR can be described by a single exponential.

inverse viscosity of the solvent is also shown (right axis) over y |f the size relation of solute and solvent molecules, which
the same number of decades as the rate coefficients. Theg estimated via the corresponding molecular masses, satisfies
experiments with the other solvents yielded qualitatively very (MsoudMsonen) > 1.3, a-OR can be described by a single

S'”‘""%“. graphs: ?LhR |s|obseré/able ovlerhthe ennfreh glass . exponential: this is the case for PZ in all alkanes studied here
transition range of the solvent. Structural changes of the matrix _ ¢ . QX in 3MP, which corroborates this criterion.

start to affect the SLR mechanism approximately in the vicinity N . ) ) .

of the glass-transition temperature, and some degrees Hglow () If the ratio of 7/7s, is larger than 20, single exponential
SLR cannot be characterized by a single rate coefficiet, behavior of_ a-OR is expected: even though we only measured
anymore. This aspect and the temperature dependence of SLRsol for PZ in 2,3DMP at two temperatures we evaluated the
below Ty are the subject of part 2, ref 14. The number of data "atios kek. For QX in 3MP, we found/k ~ 19, which is
points aboveTy is rather limited so that the description by an Mmuch smaller than a value of 50 reported in ref 45. This
activated process, as shown by the dashed line in Figure 14 discrepancy is probably due t@ not representing the correct
cannot be extrapolated far beyond the temperature range shownabsolute time scale of solvation. However, because the ratios
In fact, the Arrhenius trace of SLR rates and the VFT trace of kdk: found for PZ in 3MP, 2,3DMP, and 3MP/IP were20,

OR rates would intercept at aroundL15 K if extrapolation to 28, and 40, respectively, we still believe criterion “ii” to be
higher temperatures were physically meaningful. Assuming that confirmed by our measurements because only single exponential
spin relaxation in the initially excited FranelCondon state of behavior was observed for a-OR.
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workerg®54 who reported OR times to be related to the
characteristic solvation times by a temperature invariant factor
for QX in various organic solvents. It is interesting to note that,
for measurements of PZ in 2,3DMP, the two characteristic
solvation ratekso = 1/rso at 96 and 99 K (Figure 11) seem to
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4. Conclusions (9) Miller, L. J.; North, A. M.J. Chem. Soc., Faraday Trans1875
71, 1233.

SLR rate coefficients of PZ and QX in the first excited triplet (10) Rutherford, H.; Soutar, 0. Polym. Sci., Polym. Phys. E#977,
state were determined in zero magnetic field by detecting the 15 2213.

I - . . (11) Ruth, A. A.; Lesche, H.; Nickel, BZ. Phys. Chem2005 to be
time-dependent — S phosphorescence without saturating a ¢ simited for publication.

resonance transition between two triplet substates. It was shown (12) Richert, RChem. Phys. Lettl99Q 171, 222.
that SLR rates are solvent-dependent in viscous solution above (13) Richert, RJ. Chem. Phys200Q 113 8404. .
the glass-transition temperature; belGySLR becomes solvent- (14) Ruth, A. A.; Nickel, B.J. Phys. Chem. 2005 to be submitted

. . . for publication (part 2).
independent. This showed that SLR is dependent on structural’™ (15) we assume triplettriplet annihilation and quenching processes to

properties (e.g., the viscosity) of the solvent, which influence be negligible.
the reorientational properties of the solute. A fast OR mechanism  (16) Strongly selective ISC1S~ Ty;, from the first excited singlet state

immediately related to SLR could, however, not be directly 'ffczi'ngtfingrgerggﬂggigs;g tgggc’pmat'on of the three friplet substates,
1 - ] i) il .

observed because SLR is-2 orders of magnitude faster than (17) Asano, K.; Aita, S.; Azumi, TJ. Chem. Phys1983 87, 3829.
solvation dynamics and complete OR at a given temperature. (18) Tao, T.Biopolymers1969 8, 609.
SLR belowTy will be discussed in an upcoming papér. (19) Perrin, F.J. Phys. Radiunl934 S, 497.

. o (20) Memming, RZ. Phys. Chem. (Munict)961, 28, 168.
The time-dependent phosphorescence depolarization Was (>1) per, F. Polarized Light in Spectroscopy and Photochemistry. In

found to be well-described by a single exponential. Complete Creation and Detection of the Excited Statamola, A. A., Ed.; Dekker:
OR rates follow a VFT law in the highly viscous regime above NewYork, 1971; Vol. 1, part A, p 53.

3 . v (22) Nickel, B.J. Lumin.1989 44, 1.
the glass-transition temperature and can be classified as a slow (23) Richert, R.. Wagener. Al Phys. Chem1991, 95, 10115,

a-process. _The main differ?nce in the OR. behavior of PZ .and (24) The cuvette can be moved horizontally and vertically as well as
QX is sufficiently well-explained on the basis of the mechanical rotated about a vertical axis in steps of°90herefore, photochemical
aspects of the solutesolvent system alone, assuming slip degradation of the sample is roughly 100 times slower than it is with an

" . - immobile sample.
boundary conditions for an asymmetrically shaped rotational (25) Ruth, A. A. Dissertation, University of Gingen, Gatingen

ellipsoid representing the solute molecule. Dielectric effects play, Germany, 1992.
at best, a minor role for complete OR in the present study, which  (26) The periodical changes of the polarization degree coincide with

; ; ; ; P the vibronic contour bands of the phosphorescence spectrum. The minima
is owing to the exclusive use of non-dipolar liquids. - - net
. . . of P are at wavenumbeii&(Pmin) ~ 32 470— (n x 1400) cnt?, with n =
Solvation of PZ in 2,3DMP was measured through the time- 1 . "4 (Prin) ( )

dependent red shift of the 0,0 band of the phosphorescence at (27) Schmidt, J.; Antheunis, D. A.; van der Waals, HMbl. Phys.

96 and 99 K. The Stokes correlation function was described by 1971 22, 1.
. - — . (28) Schwoerer, M17. Congress Ampe, Proc. Col. Ampee; Hovi,
a stretched exponential withso = 0.53, and corresponding  \, “gd North-Holland Publishing: Amsterdam, 1973; Vol. 17, p 143.

characteristic solvation times were estimated. We showed that (29) zallen, R.The Physics of Amorphous Solidfiley-Interscience:
the crude way of probing solvation dynamics through the time- New York, 1983.

dependent measurement of the phosphorescence in a turninQet(f(i)g%'g%S'le{i; Spendel, W. U.; Ponte Goncalves, A.@hem. Phys.

poin; of the spectrum with h_igh _SpeCtral resolution yields & (31) Feofil, P. PThe Physical Basis of Polarized Emissi@onsultants
relative measure of the solvation time scale. The correspondingBureau: New York, 1961.

rate coefficients seem to exhibit the same temperature depen- (32) Faster, T_.Fluoreszenz organischer Verbindung&andenhoeck
d lvation ti that tablished via the d . & Ruprecht: Gdtingen, 1951.
ence as solvation imes that were established via the dynamiC 33y vogel, H.Phys. 7.1921, 22, 645. Fulcher, G. SJ. Am. Ceram.

red shift of the spectrum in a temperature range that dependssoc.1925 6, 339. Tammann, G.; Hesse, \&. Anorg. Allg. Chem1926
on the ratio of the triplet lifetime and the solvation time. The 156 245.

. : e ; (34) We refer tolTy as the temperature at which the solvent’s viscosity
relation of solvation and OR is in agreement with recently 1y reaches 16 mPa $ £ 101 cP).

published datd>>* (35) Murthy, S. S. NJ. Chem. Soc., Faraday Trans.1889 85, 581.
(36) Ruth_, A. A.; Nickel, B.;_Lesche, HZ. Phys. Chenil992 175, 91.
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