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Time dependent fluorescence depokization measurements have for the first time been &ended to the picosecond 
regime by using streak camera optical multichannel analyzer detection. Fluorescein derivative dyes (M-W. 500-1000) rotate 
in polar solvents as if their volume is at least double that of the free molecule because of solvent attachment, an effect noted 
by Einstein and elaborated upon by Marinesco and Perrin many years ago. This effect is apparently the major cause of the 
breakdown of the literal Einstein hydrodynamic model for rotation of these relatively small molecules in solution. The 
sulvent attachment also very likely reduces the effect of molecular shape on rotational depolarization, causing these mole- 
cules to behave more like spheres than their molecular structure would imply. Both the fluorescence decay curve and the 
rotational correlation function derived from the experimental data, within the limits of experimentalerror. decay as pure 
exponential% In addition. unlike most fluorescence probe experiments on nanosecond time scales applied to the study of 
macromolecular structure, the theoretical value of 0.4 for the polarization anisotropy at zero time is observed. Comparison 
of these types of results on picosecond time scales could have implications in the study of flexions and rotations of the 
substructure of large molecules having biological importance. 

1. Introduction 

Fluorescence depolarization is a technique widely 
used in chemistry and biology [ I] as a probe for 
rotational motions. A fluorescent molecule, either in 
solution or attached to a substrate, absorbing light at 
time t, can by virtue of local forces undergo a rotation 
before emitting light at some later time. This rotation 
affects the angle between the polarization vectors of 
absorption and emission, and is most sensitively de- 
tected when linearly polarized light is used to excite 
the molecule and when a particular component of 
polarization is observed in emission. Rotation of the 
transition dipole, however, is not the only cause of 
fluorescence depolarization, as intermolecular excita- 
tion transfer, effects within the molecule intrinsic to 
its electronic properties, or relaxation mectinisms 
can effect angular displacements. 

For a strong absorber emitting from the initially 
excited electronic state, it is usually safe to assume 
that intramolecular depolarization is absent, and if 
solutions are sufficiently dilute, excitation transfer, 
including reabsorption of emitted light, can be safely 

ignored. Thus, one can confine the depolarization 
effects in solution to molecular rotation and to a 
trivial effect of initial randomness. The problem has 
been treated in detail by Tao [2], whose results will 
be briefly outlined in the next two sections of the 
paper. Then the experimental method will be discussed 
and finally application of the picosecond technique 
and the theory to specific molecules will be presented_ 

2. Theory of fluorescence depolarization 

We assume that at time zero the emission dipole is 
parallel to the absorption dipole. titf(0, @, t) be an 
arbitrary time dependent function of the orientation 
of these transition dipoles with respect to a space- . 
fixed axis system (fig. l), which defines the polariza- 
tion vectors of the exciting and observed radiation. 
Then its average over all orientatfons is 
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Fig. 1. Coordinate system for discussion of fluorescence 
depolarization. 

where 

W(8,, r$()) E (47ry- l [I + 2 P,(cos @,)I > 

written in terms of the second Legendre polynomial 
of cos Bu, is the initial distribution of orientations in a 
randomly oriented system of dipoles. G(0,,@u,iS, 9, f) 
is a Green function which gives the probability that if 
the dipole is oriented (13,, 00) at f = 0 its orientation 
at time t is (0, @). The intensities of emission at time f 
for dipole orientation (0,~$), with polarization ob- 
served through an analyzer set either parallel or per- 
pendicular to the polarization of the exciting light are 
given by 

9,,(e, e,, f) = ~2 I ~0~2 e , (24 
q(e, @, t) = p2 K(t) sin2 8 cos2q , WI 

where. K(f) is the fluorescence decay law for the mole- 
cule, an exponential in the most simple case, and g2 is 
the square of the transition dipole moment. 

Expanding G(00,~,]f3,@, f) in spherical harmonics 
and using eqs. (2a) and (2b) for f(&& t) in eq. (I), 
one finds that the intensity of observed fluorescence 
in the two cases is 

where the e’s are unit vectors along the transition 
dipoles at times 0 and t respectively, and the angular 
brackets signify an ensemble average. When observing 
the fluorescence with the analyzer set at some arbi- 
trary angle (Y from the direction of parallel polariza- 
tion, one can easily show by evaluating C&(0, @, t) and 
again using eq. (1) that, 

I,(f) = cos2cu I,,(t) + sin*cu IL(t) . (3c) 

The time-dependent fluorescence polarization 
anisotropy defined as, 

(4) 

is an experimentally measurable quantity related to 
these intensities. 

Note the important general result that, 

r(t) = $ (P2 [e(O) -e(f)]> , (5) 

yielding directly the correlation function for the 
second Legendre polynomial of the dipole reorienta- 
tion angle. This equation is perfectly general for any 
shape of molecule and for any arbitrary form of W2) 
[3]. The fluorescence decay law is obtained indepen- 
dently, 

K(f) = [I,,(f) +21,(r)] X const. (6) 

Note also that because of eq. (3c), K(r) can be ob- 
tained independently of W2) by setting the analyzer 
such that tan2cr = 2 i e I . ., at QI = 54.7’. 

In experiments where the fluorescence decay and 
the correlation Function are on comparable time 
scales, it is therefore seen that an “interference” 
between them arises. Thus it is essential when exciting 
with polarized light * that polarized detection is used 
in order to obtain accurate fluorescence decay curves 
(or correlation functions). The above situation is one 
that arises often in picosecond fluorescence measure- 
ments of molecules in a solution phase. 

3. Rotational diffusion of spherical and symmetric 
rotors 

Tao [2] has treated the problem of an asymmetric 
rotor in the limit of strong damping (i.e., exponential 
behavior of the correlation function), where as many 

* A correction is also necessary when exciting with unpolar- 
ized light, but it is less important. 
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as five exponentials may participate in the fluorescence 
decay. Analogous to the quantum mechanical rigid 
rotor problem, the eigenfunctions of the asymmetric 
rotor diffusion operator can be expressed as a super- 
position of symmetric rotor eigenfunctions [4]. We 
shall not dwell on this aspect here since at the present 
level of experimental uncertainties it is not possible to 
dissect the structure of the correlation function in 
such deta& Bather, we shall assume that our mole- 
cules behave as approximate spherical or symmetric 
rotors and consider only the theoretical results for 
these cases. 

In the simplest possible case where the molecule 
undergoes brownian rotation as an Einstein sphere, 
then eq. (5) reduces to a closed form resrdt with 

(P2 [e(O) - e(t)]> = exp (-6Dt) , (7) 

where the rotational diffusion constant D = kT/6Vv, 

k is the Bo!tzmann constant, Tis the temperature, 
V is the volume of the Einstein sphere and I) is the 
viscosity of the medium [S]. In general, however, the 
correlation function <P,> is expected to be more com- 
plicated because of incomplete damping of the rotatio- 
nal motion or damped hindered rotation, and the 
breakdown of the spherical model. The first two 
effects, which are analogous, will tend to yield a 
damped oscillatory (P,>. This has been predicted by 
computer calcuIations [6], and oscillatory dipole cor- 
relation functions have been obtained from infrared 
band-shape analysis [7] _ 

Perrin [S] in 1934 derived equations for the rota- 
tional diffusion of an ellipsoid of revolution in the 
strong damping limit. In the general case of a symmetric 
rotor with arbitrary dipole placement *, 

r(t) =$$,(~?)e-~r~ +-A2(0)e-k2’ +-A3(8)e-kat],(8) 

where the constants Ak(6) are simple trigonometric 
functions of the angle between the transition dipole 
and the symmetry axis of the molecule (see Tao [2]), 
and 

CW 

Pb) 

* For ~eascm of symmetry the dipole must be parallel or per- 
pendicular to the symmetry axis in an exact symmetric 
rotor. hiany asymmetric molecules diffuse rotationally as if 
they are a good approximation to a symmetric rotor. in 
which case the dipole direction may be arbitrary. 

k3 = 20, + 4D,, . cw 

In eqs. (9) the subscripts 11 and I refer to directions 
parallel and perpendicuIar to the symmetry axis of the 
symmetric rotor_ When the dipole is paralIel(6 = 0) to 
the symmetry axis: A,(Q) = 1, A,(0) = 0, A&I) = 0, 
giving a single exponentiaI - as in the case of a spheri- 
cal rotor; when it is perpendicular (0 = n/2) to the 
symmetry axis, At(e) = l/4, A2(6) = 0. A-@) = 3/4, 
yielding a sum of two exponentials. The physical sig- 
nificance of this result is that when the dipole is aIong 

the symmetry axis only the component of molecular 
tumbling perpendicular to this axis will cause a change 
in dipole direction, whiIe if the dipoIe is perpendicular 
to the symmetry axis, tumbling both around the sym- 
metry axis and perpendicular to it will cause such a 
change. 

The diffusion constants Dl and D,, are 

D p t(2P2-‘)“-P1 D 
(34-I) ’ 

3 P@--s’) D 
Dll =z 

@2-l) ’ 

004 

(lob) 

where p is the axial ratio, less than unity for an oblate 
rotor (disk shaped molecule), greater than unity for a 
prolate rotor (rod shaped molecule), and D = kT/6Vq, 

the diffusion constant for a sphere having the same 
volume as the ellipsoid. Also, 

S’(oblate) = (l-p2)-ln tan-l [(l -p2)“‘/p] , (1 la) 

S’(prolate) =($--I)- 1’210gJp+@2-l)“2J. (Ilb) 

Except for a minor typographical error in Tao’s for- 
mula [Z] for S’(oblate), and different definitions of 
some of the functions by Perrin [S] , eqs. (IO-1 1) are 
in accord with the results of both these authors. 

4. Picosecond time-dependent fluorescence 
depolarization 

The main advantage of picosecond TDFDP is the 
obvious one that the exciting pulse is very short com- 
pared with the fluorescence decay or the decay of the 
rotational correlation function. This allows both of 
these quantities to be measured accurately without 
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Fig. 2. Schematic of experimental arrangement. The 1.06 pm pulse train from the laser oscillator (OSC) enters the picture at the 
extreme lower left through a half-wave plate (unmarked). P: polarizers; PC: Pock& cell; Fr neutral density fdters; F’: IR block- 

ing fdten: color fdters not shown: SC: spark gap: CA-. coaxial attenuator; CDA-. cesium dihydrogen arsenate second harmonic 
gcnemtor; S: sampIe ceII; ICT: image converter tube; DE: deflection clectxonin; 113-z imngc intensifier tube; the d~ttcd line en- 

doses streak camera components; V vidicon tube; @MA: optical multichannel analyzer; CRO: signal monitoring cathode ray 
oscilloscope; and COhI: computer. Lenses are represented schematically in the drawing. 

titerference from the exciting pulse, from very short 
times up to a few times the fluorescence lifetime of 
the molecule. In none of the present experiments was 

it necessary to deconvolute.the light source pulse from 
the molecular decays. 

The experimental arrangement * is pictured in 
fig. 2. A conventional Ndc3/glass laser (Korad) has an 
output of 100 or so mode-locked pulses separated by 
about 7.5 ns. Using an Eiectrophotonics Photochron 
II streak camera, pulse widths have been measured to 
be 6-8 ps (fwhm) and are slightly asymmetric [q]. We 
have not noticed any effect of pulse position, at least 
in the first half of the train, on the 6-8 ps width. A 
CDA temperature-tuned second harmonic generator 
gives about 1 S-20% conversion efficiency of the 
1060 nm fundamental laser output to 530 nm as 
measured by a Scientech volume absorbing calorime- 
ter. The energy in a single 530 run pulse is approxima- 
tely 0.2 mJ. 

It has been found that excess total light gives rise 
to stray electron signals in our streak camera. These 

* A more complete description of the apparatus will be given 
in a separate paper. 

can distort fluorescence decay curves l . The problem 
is particularly severe for faster streak camera sweep 
speeds, as more neutral density filters have to be re- 
moved to maintain adequate signal strength over a 
large part of the decay curve. To lessen this problem 
pulse selecting has been used. 

The pulse selector is of conventional design, utiliz- 
ing a laser-triggered spark-gap Pockelscell combination 
similar to that described by von der Linde et al. [IO]. 
The number of pulses selected is determined by the 
length of the charging cable. By using a coaxial attenu- 
ator [1 I] in the sheath of the charging cable, a 6 V 
pulse is produced to trigger the voltage deflection 
ramp on the image converter tube of the streak 
camera. By selecting l-5 pulses and using the method 
of triggering, no delay in the optical path of the excit- 
ing pulse is required to compensate for the -40 ns 
delay between trigger and deflection in the streak 
camera sweep electronics. 

* The problem does not arise to any great extent when de- 
tecting narro\v p&es, since neutral density filters are in- 
serted in the fight path to attenuate the peak height sub- 
stantially. The integrated signal is therefore small. 
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A removabIe, light-tight aluminium “box” lined 

with flat black paper, with small holes appropriately 

placed, encloses the entire laser cavity. Internal baffles 
in the box are so placed that they lie between optical 

elements of the cavity. A similar box with a remov- 

able lid covers the sample cell area, enclosing in addi- 
tion the entrance slit of the streak camera. These 

boxes are necessary to avoid unwanted flash lamp and 

laser light from being scattered into the streak camera. 
Reflections from the face of the sample cell were 
baffled away. Schott OG-550 or OG-570 color filters 
were placed directly in front of the streak camera slit 
to remove scattered 530 nm laser light. All optical 
elements were tilted from the normal to the light path 
to avoid reflections - this is particularly necessary in 
the vicinity of the streak camera because of its f/l .3 

aperture. 
The 1060 nm light leaving the laser cavity is hori- 

zontally polarized. Convenient geometry for spark gap 
triggering requires rotation of this polarization by 90° 

using a half-wave plate. This is followed by a Glan- 
Taylor prism set for vertical polarization. The verti- 
cally polarized 1060 nm pulses then enter the Pockels 
cell where a pulse group is switched to horizontal 
polarization as already described. These selected 
pulses are transmitted by a second Glan-Taylor 
prism set for horizontal polarization, the remainder 
of the pulse train being reflected off this prism for use 

in spark gap triggering. The 15 mm Clan-Taylor 
polarizing prisms are able to withstand the unfocussed 
peak power of the 1060 nm pulses withcut apparent 
damage. After the selected 1060 nm pulses are 
doubled, the polarization of the 530 nm second har- 
monic is vertical. A Polaroid sheet polarizer set for 
vertical polarization was placed in the light path just 

in front of the sample cell to reject any residual hori- 
zontally polarized component that was present. An 
extinction ratio of greater than 500 : I, as estimated 
by streak camera measurements, was achieved for the 
frequency doubled selected pulses. 

The streaked image appearing on the final phosphor 
of the image intensifier section of the streak camera 
was recorded, digitized and stored in the 500 channels 
of a Princeton Applied Research 1205 A/B optical 
multichannel analyzer. The 500 data points were then 
transferred to a NOVA Z/10 computer and stored on 
a disk. This method of streak camera read-out repre- 
sents a great improvement over the previous photo- 

Fig. 3. Fluorescein dye derivatives. See text for identification 
of substituent groups. 

graphic method. The rate of data acquisition in our 
case is limited by the repetition rate (1 shot per 2-3 
minutes) and the reliability of our laser. Lag problems 

[ 121 in the silicon vidicon can affect the linearity of 

the OMA with puIsed light sources. After readjustment 
of the factory set cathode voltage (from about -3 V 
to -6 v) the streak camera/OMA is linear within 55% 
to pulsed light intensity over the range -10 to 2000 

counts. About 6 read-out cycles are required to record 

the total signal. A fuller discussion of the lag problem 
will be given in another paper. 

5. Systems studied 

The molecules that will be discussed in this paper 
are fluorescein derivatives having the general structural 
formula [I3 J shown in fig. 3. 

Because of a heav. atom effect and the proximity 
of a triplet state (see the many papers [14] on so-called 
E-type delayed fluorescence), rapid intersystem cross- 

ing from the excited state can quench the fluorescence. 

The quenching can be strongly solvent-dependent in 

these molecules, an effect whose explanation is not 

totally understood. PossibIy related to these quantum 
efficiency variations are solvent shifts of spectral maxi- 

ma and modest intensity variations as well. Table 1 
shows a portion of some relevant data recently ob- 
tamed by Morrison * in our laboratory, together with 
fluorescence lifetime data derived in the present work 
(see section 6). 

* Private communication. We thank Mr. R. Morrison for 
giving permission to cite a portion of his data prior to 
publication. 
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Table 1 
Solute-solvent properties a) 

G.R. Fleming et &/Direct obsenntion of rotational diffusion 

solutes b) Solvents 

CHJOH Hz0 CzHsOH iC3HTOH 
1.00 n = 0.60 q= 7j = 1.20 q = 2.37 . 

Eosin (E) A;‘,” (nm) 522 515 527 529 

A,“,” fi (nm) 542 538 550 551 

ql (PS) - i690 - 

en 0.60 0.20 0.69 - 0.76 

Rose 
bengal (RB) AaTsX (nm) 556 548 558 561 

hey hm) 571 566 573 576 

q-I (PS) 655 100 836 1127 

Qfl 0.08 0.02 0.11 0.14 

a) Viscosities in centipoise. 20°C; note that no simple relation between rfI and &I need exist since oscillator strengths may vary 
with solvent. 

b) see fig_ 3. 
E<dianion): X = Z = Br; Y = 0-; X’ = H; Y’ = 0; Z’ = CO-,. 

RB (dianion): X = Z = I; Y = O-; X’ = CL; Y’ = 0; 2’ = COT. 

The concentration of solutions used for the fluor- 
escence depoIariz.ation measurements was in the 
range 5 X IOM5.M to 10m4 M. The solutions were 
buffered to ensure that the dianion was the only 
species present. No evidence was found for significant 
dimer formation or intermolecular depolarization 
effects at these concentrations. 

The samples were illuminated at 90” with respect 
to the optic axis of the streak camera, the exciting 
beam being focussed down to about OS mm in 
diameter and directed just behind and parallel to the 
exit window of the sample cell_ Bringingup the excit- 
ing beam as close to this exit window as possible, 
without giving rise to reflections off the cell corner, 
helped to minimize the effects of reabsorption. The 
focus of the exciting beam was intentionally not 
sharp in order to avoid effects of stimulated emission, 
although later experiments have shown that this effect 
is insi@ficant at the excitation densities used in these 
experiments. 

6. Data analysis 

Since the Z,,(t) and Z,(t) curves were collected 
separately in our experimental arrangement, it was 
necessary to scale the two curves to the correct rela- 
tive intensity. The -major factor in the shot-to-shot 
variation of intensity was the energy in the laser pulses 
which varied by as much as a factor of two. After 
6-8 curves of each type had been summed, the 
summed curves for Z,,(f) were scaled to match those 
for IL(t)_ Two different matching methods were used 
in order to cross check the scaling parameters_ 

The first method, which we will call “leading-edge 
matching”, makes use of the relation 

W2 [e(O) me(O)]) = 1 , (12) 

which when substituted into eqs. (3) shows that at 
t = 0, Z,,(O) =31,(O). Note that these relative values 
for Z,,(O) and IL(O) give r(0) = 0.4. A check on the 
accuracy of the scaling parameter is given by noting 
that when the leading edges are matched the calcu- 
lated rotational correlation function must decay to 
zero at long times. That is, allowing for the noise in 
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the experimental data, the mean separation of I&) 

and IL(t) must tend to zero for times much longer 

than the rotational correlation time. 
The second method, which we term “tail matching”, 

matches the curves at long times where the I,, andi, 

curves coincide. When the tails are matched the scaling 
parameter is checked by seeing how close r(0) is to 
the theoretical value 0.4. In both methods, summed 
curves for Z,,(f) and Z,(t) were displayed simultaneous- 
ly on the computer display, and the relative intensities 
of both curves were adjusted visually until the criteria 
for tail or leading-edge matching were fulfilled. 

Another check on the accuracy of the fitting proce- 
dure is to see how closely the fluorescence decay curve 
K(t) approximates a single exponential. In all cases 
K(t) was a good fit to a single exponential. Exponen- 
tial decay constants were obtained for K(t) and r(f) 
by the least squares method. The rate constants ob- 
tained with the two fitting procedures were always 
within 10% of one another. Accordingly we estimate 
that the derived values of the various parameters are 
accurate within this error. Errors in the time calibra- 
tion of the streak camera and non-linearity in the in- 
tensity of the streaked image have been checked and 
were found to be much less than 10%. These errors 
were consequently ignored. 

Differentiation of eq. (3b), assuming that both 
<P$ and K(r) are simple exponentials, shows that a 
maximum occurs in the IL(f) curves, 

P max=TOrloge ($(z + I)) - (13) 

For real times this maxima exists only if 7or < fan, 
and though difficult to use as a quantitative measure 
of the T&,, ratio, nevertheless can act as an indepen- 
dent diagnostic check on the ro, obtained by the 
fitting methods. Both types of IL curves have been 
observed, those that contain a maximum and those 
that do not, in agreement with the derived values of 
rOr and rfl. 

Finally, when the analyzer was set 54.7O off the 
direction of parallel polarization, as described in 
section 2, the measured fluorescence decay constants 
were in good.agreement with those obtained from the 
above analysis. 

7. Results and discussion 

Fig. 4 shows the experimental curves for Z,,(f) md 
Z,(t) for rose bengal in methanol (LO-4 M)_ These 
curves are the sum of six individual curves. Fig. 5 

shows the experimental f(f) and K(r) for these curves, 
extracted from the data of fig. 4 by the methods de- 
scribed in the previcus section. The “tail matching” 

procedure was used for these curves. The rising tail and 
the increased “noise” in the r(t) curve at long times is 

caused by the very slight deviation in fig. 4 of the tails 

I 
0 0-8nS I6ns 2-411s 

Fig. 4.11, (upper curve) and 21 (lower curve) for rose bengal 
(XI4 M) in methanol. 

Fig. 5. Experimental values (dots) of fluorescence decay 
(upper curve) and time dependent fluorescence anisotropy 
(lower curve) from data in fii. 4. Each dot represents a 
channel in the OhiA. Tke vertical scale refers to the enisotropy; 
the scale for the fluorescence deay is arbitrary. The solid lines 
are best exponential fits. 
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O-8 I.6 2.4 32~ 

Fig. 6. Zll (upper curve) and Zl (Iok curve) for eosin (IOw4MvI) 
in water. 

of the “matched” I,, and I, curves. Because of the 
form of r(t) as a difference divided by an exponen- 
tially decreasing function, amplified errors at long 
times are to be expected_ For this same reason the 
parameters obtained are rather insensitive to errors 
and scatter on the tail of the r(t) curve produced by 
this effect. Fig. 5 shows that r(0) = 0.4, and that both 
the rotational correlation function and the molecular 
fluorescence decay are single exponential% All the 
results we have obtained (table 2) give single exponen- 
tials for both the correlation function and the fluor- 
escence decay. As another example of the raw data 
from the streak camera system, fig. 6 shows I,,(r) and 
I,(r) for eosin (1 0m4 M) in water. The “square shaped” 
peak on the I,, curve is a particularly bad example of 
scintillation “noise” which can arise from any of the 
five phosphor screens in the streak camera. 

The value of r(0) is 0.40 t 0.02 in all cases we have 
studied, when tails are matched. Nanosecond measure- 
ments of macromolecules have usually found values 
smaller than 0.4 for r(O), sometimes as small as 0.2. It 
was suggested in Yguerabide’s review articIe [I ] that 
rapid internal motions are responsible for this devia- 
tion. This suggestion is quite reasonable since it would 
seem that macromolecules must contain a flexible sub- 
structure that can undergo rapid depolarization rota- 
tions. Since our measured values of r(O) are very close 
indeed to the normal theoretical value of 0.4 and 
since there is no deviation from exponential decay, 
we can conclude that there is no rapidly decaying 
portion of the correlation function for the much 
simpler molecules studied here. This is to be expected, 

since these relatively small molecules have no internal 
flexibIe structure that can lead to reorientation of the 
electronic dipole. it will be interesting of course to see 
if one can detect directly, with picosecond TDFDP, 
rapid internal motions in the macromolecules discussed 
by Yguerabide [I ] _ 

As discussed in section 3, both oblate and prolate 
symmetric rotors with the transition moment parallel 
to the symmetry axis have only one rotational relaxa- 
tion time. Both oblate and prolate symmetric rotors 
with the transition moment perpendicular to the sym- 
metry axis will have a correlation function consisting 
of a sum of two exponentials 

r(c) = $($-krr + $e-k3r) _ (14) 

However, in the case of an obIate rotor, by substitut- 
ing eq. (1 Ia) into eqs. (tOa) and (lob), it can be shown 
numericahy that fQr any value of the axial ratio, OL 
does not differ a large amount [2,8] from D,,. Thus 
kt = k,, and r(t) wouId closely resemble a single ex- 
ponential (see table 2). Therefore it is not experimen- 
taIIy possible to distinguish oblate symmetric rotors, 
with transition moment either parallel or perpendicular 
to the symmetry axis, from spherical rotors, by the 
form of the rotational correlation function, unless the 
effective molecular volume is known accurately from 
another source. For a prolate rotor with transition 
moment perpendicular to the symmetry axis, two 
distinct rotation times are obtained [2,8]. 

Looking at fig. 3, the ftuorescein derivatives studied 
here might appear as if they approximated oblate 
symmetric rotors. However, this is not true, since 
models show that because of steric hindrance the 
phenyl group cannot lie in the plane of the bridged 
rings. Assuming an approximate symmetry axis for 
rotationa diffusion to lie along a line containing the 
central carbon atom and the bridge oxygen, it is not 
irnmediateiy obvious whether the transition moment 
is parallel or perpendicular to the symmetry axis. As 
discussed above, either direction for the transition 
moment will give a single exponential decay providing 
the molecule diffuses as an approximate spherical or 
oblate symmetric rotor. Because of “solvent attach- 
ment”, to be discussed below, it is believed that these 
molecules diffuse as near spherical rotors. 

In table 2 the experimental orientation time: are 
shown along with those calculated for an oblate ellip- 
soid with semi-axes of 7 a and 2 a, which would 
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Table 2 

Molecule 

-- 

Solvent rl(CP) ro’or pi’ k;’ 

exp a) ca~c b) cak b) 2; ~1 

Rose bengal MeOH 0.60 180 101 115 213 
Rose ben~l EtOH 1.20 680 202 230 426 
Rose bengal iPrOH 2.31 890 397 4.54 842 

Eosin HZ0 1.00 550 168 191 355 
--___________ 

a) Estimated error 10%: all times in picoseconds. 
b) Oblate ellipsoid with semi-axes = 7 A and 2 A, V= 410 A~; 

k, end k3 from eqs. (9). 
C) Sphere, radius = 7 A, V = 1437 A”. 

represent the dimensions of the molecule if it were 

flat; and for a sphere of 7 A radius. The dimensions 
were estimated from bond lengths and van der Waals 
radii, and also measured from models. 

It can be seen from table 2 that our results imply 
that the molecular volume of the dye is considerably 
increased by solvent attachment_ The molecular 
skeleton is “fleshed out” by solvent molecules to 
form a near sphere of diameter roughly that of the 
largest moiecular dimension. It is possible to envisage 
an increase in the effective molecular volume without 
strong interaction with the solvent molecules by a 
kind of molecular paddle wheel effect. However, the 
dye molecules are both charged (dianions) and quite 
polarizable [IS], so a strong interaction with hydrogen- 
bonding solvents seems inevitable. 

These ideas are certainly not new. Einstein [5] in 
1906 suggested that sugar molecules in solution had 
some solvent molecules attached, which moved with 
the dissolved molecule through the solution, giving it 
an apparent volume 1.5 times that of the molecular 
frame in its effect on viscosity. The idea was con- 
siderably elaborated upon by Marinesco [ 151 in con- 
nection with the fluorescein derivatives studied in our 
work. Marinesco compared the molecular volume in 
the solid state with that in solution from diffusion 
coefticients_ He considered his results to be consistent 
with the attachment of a monomolecular layer of 
solvent on the dye molecule. If this is indeed the 
physical situation, the use of the bulk viscosity of the 
pure solvent in the calculation of the rotational re- 
orientation time is well justified, since solvent- 
solvent, not solvent-solute, intermolecular “bonds” 
are broken and reformed as the molecule rotates. This 

assumption was made for the calculations in table 2. 
The solvated volumes obtained by Marlnesco were 
used by Perrin [ 16,171 for calculations of the steady 
state polarization 

(1% 

for solutions of rose bengal and erythrosin (x = Z = 1;. 
Y= O-; X’ = H; Y’ = 0; Z’ = COT) dianions in various 
alcohols. These were then compared with experimen- 
tal values obtained by L.ewschin [ 181. Good agreement 
between the calculated and the experimental values 
was obtained. However, this must be considered for- 
tuitous since the quantity P is not independent of the 
excited state lifetime, and the variation of fluorescence 

lifetime in the different solvents was not taken into 

account. As table 1 shows, the fluorescence lifetime 
of the fluorescein derivatives is very solvent dependent_ 
This point was in fact noted by Perrin [ 171 as a pos- 
sible source of error. The quantity r(r) is independent 
of fluorescence lifetime, and our results (table 2) show 
that the correlation.with solvent viscosity is not as 
good. This finding seems entirely reasonable as the 
precise size and shape of the molecule in a given sol- 
vent is expected to depend both on the number of 
solvent molecules attached and on the molecular vol- 
ume of the solvent. The strength of the binding of 
solvent to solute in the different solvents must vary, 
depending on polarizabilities, ionicity, etc. 

These general conclusions differ from those of 

Chuang and Eisenthal [ 191, who found that for rho- 
damine 6G (X = H; Y = NHC*H, ; Z = CH3; X’ = H; 
Y’ = H,C,NH+ Cl-; Z’ = CO,C,H,) in various sol- 

vents a linear plot of 3-or vs solvent viscosity was ob- 
tained. These authors also consider that the hydrogen 
bonding interaction with the solvent does not affect 
molecular volume. Molecular models show that both 
rose bengal and eosin are considerably more rlgld and 
present “flatter” surfaces than rhodamine 6G, and 
this could possibly account for the differences ob- 
served. Another difference is in the charge on the 
molecule. Rose bengal and eosin are dianions, whereas 
rhodamlne 6G is a cation. The rotation times reported 
by Chuang and Eisenthal for rhodamine 6G are 
roughly half of the rotation times for rose bengal in 
the same solvent. This fits in with the ideas of 
Marinesco [ 151, who found the volume of rhodamine 
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B*(X=H;Y=(C,H,),N;Z=H;X’=H;Y’= 
(C2H5)2N%l-; Z’ = C02H) to be about one half 
that of rose bengal in the same solvent. 

L.essing, von Jena and Rapp [20] have also meas- 
ured rotational relaxation in rhodatie 6G. Their 
results agree with Chuang and Eisenthal’s in ethanol 
but differ by over a factor of two in ethylene glycol. 
In both of these sets of experiments the transmission 
of polarized light through the sample is measured as a 
function of time. The experimental correlation func- 
tion thus contains a mixture of ground and excited 
state reorientations, whose relative weights change 
with time. This should be compared with the present 
fluorescence depolarization experiments where only 
rotational reorientation in the excited state is meas- 
ured. If the interaction of the two states with solvent 
molecules is not similar, then different reorientation 
times might be expected. Since the optimum time 
scale for our studies at the present time is 2 1 ns, we 
did not attempt to repeat the rhodamine 6G experi- 
ments in the present work. 

In summary then, our results show that the dye 
molecules rose bengal and eosin behave, from the 
point of view of mole&ar rotation, roughly as 
spheres of diameter approximately the largest molecu- 
lar dimension. The volume increase is most likely 
caused by solvent attachment, as suggested by earlier 
authors. Because of the improved time resolution of 
picosecond fluorescencb spectroscopy and streak 
camera OMA detection, the time dependent depolarl- 
zation anisotropy can be observed at very early times. 
In contrast to results obtained with fluorescence 
probes attached to macromolecules, where there may 
be intramolecular flexibility, our measurements give 
values at t = 0 of the anisotropy equal, within experi- 
mentai error, to the theoretical value of 0.4. The 
rotational reorientation time of these relatively small, 
charged molecules is only approximately proportional 
to the viscosity of the solvent. Data from differently 
shaped molecu!es and froni non-polar, uncharged 

* Rhodamine B and rhodamine 6G should have similar 
volumes. 

molecules are required before the generality of the 
various observed phenomena can be established. 
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