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Abstract 

Single-wavelength picosecond polarized pump-probe spectroscopy has been used to study the excited state dynamics of aqueous suspensions 
of the amylose-iodine complex at wavelengths within the broad absorption band centered at about 635 nm. A single-exponential fit of the 
magic angle signal at 600 nm gave an average ground state recovery time of 870 & 50 ps. For excitation at 570 nm a bi-exponential decay 
with a short component of about 160 ps and a long component of 870 ps gave the best fit of the magic angle signal. The non-exponential 
decay is attributed to overlapping absorption and relaxation processes due to different polyiodide chains. Since no fluorescence is observed 
from the complex, the pump-probe signals must be due to relaxation from a long-lived excited state which is not part of the singlet manifold 
of states. No excitation intensity dependence was observed in the decay kinetics. The anisotropy was constant over the time range of our 
experiment. The value of the anisotropy was about 0.35 + 0.04, which is less than the maximum theoretical value of the initial anisotropy, 
r,, = 0.4. These results are shown to be consistent with a five-level model. 
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1. Introduction 

Quasi-one-dimensional molecular systems have attracted 
much attention in recent years because of their potential as 
novel electronic and optical materials [ I]. Linear chains of 
polyiodide anions are of particular interest [ 2,3]. When 
polyiodide anions are incorporated into solvent-free polymer 
electrolytes [ 41 and conducting and semiconducting poly- 
mers (i.e. polysulfurnitride and polyacetylene) [5,6], the 
electrical conductivities of the resulting composite materials 
are higher than those of the polymers themselves. The starch- 
Iodine complex, which has long been used as a colored indi- 
cator for both quantitative and qualitative analysis [ 71, is a 
well-known example of such polymer-polyiodide compos- 
ites. Starch is a homopolysaccharide with two polymeric 
parts: a-amylose and amylopectin. a-Amylose is the linear 
helical component of starch and consists of long unbranched 
chains of 1,4-linked a-D( + )-glucopyranose units [ 81. 
Amylose forms an intense blue-black adduct with aqueous 
Iodine in the presence of iodide or with iodine vapor [ 91. 
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This complex has a broad absorption band centered at about 
635 nm. Although the starch-iodine complex has been stud- 
ied for many years, information about the structure of the 
chromophore that gives rise to the blue-black color has been 
ambiguous [ 91. In a series of early potentiometric and spec- 
trophotometric titration studies and optical and X-ray dif- 
fraction experiments, Rundle and coworkers [ IO] found that 
a complex of definite composition was formed between amy- 
lose and iodine. The iodine component of this complex is a 
unidimensional array within an amylose helix of diameter 
about 13 A and period 8 A with six glucose residues per turn. 
Because both I2 and I- are needed to form the complex, it 
was widely thought that the repeat unit in the iodine chain 
was the triiodide ion Is- [ 111. Marks and coworkers [ 121 
have recently shown, however, that the resonance Raman and 
iodine-129 Mossbauer spectra of solid starch-iodine are 
remarkably similar to those of polycrystalline (trimesic 
acid. H20) iO. H+15 ~. The pentaiodide ion in this compound 
is linear. The bonding in I,- and other polyiodides is due to 
a Lewis acid-base interaction with I, acting as the Lewis acid 
and I- as the Lewis base. Based on the similarity of the 
spectra, Marks and coworkers concluded that iodine is com- 
plexed to amylose predominantly in the form of I,- and not, 
as previously speculated, in the form of I3 - and that the color 
of amylose-iodine must largely be due to optical transitions 
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in (I, - ), chains. They also suggested that there might be a 
connection between the I,- repeat distance ( 15.5 A) and 
twice the dimension of the pitch of the amylose helix (about 
16 A) [ 12b]. 

In this paper we describe the first picosecond polarized 
pump-probe spectroscopic study of the excited state dynam- 
ics of aqueous suspensions of the amylose-iodine complex. 
Our motivation in studying the amylose-iodine complex 
stems partly from the fact that the photophysics of this com- 
plex is not well known. The amylose-iodine complex is a 
form of molecular aggregate which exhibits strong interac- 
tions between the monomer units. Understanding the excited 
state dynamics of such strongly interacting systems has been 
a major focus of research in our laboratory for the past several 
years [ 131. Because amylose-iodine does not fluoresce, stan- 
dard time-resolved luminescence techniques cannot be used. 
Information about the excited state processes in the complex 
can be obtained instead by using transient absorption 
techniques. 

2. Experimental details 

Varying concentrations (0.15-0.7 g 1-i) of aqueous amy- 
lose stock solutions were prepared with potato amylose 
(Sigma). This type of amylose (type III) is essentially amy- 
lopectin free. A weighed amount of amylose was added to a 
volume of deionized water. The mixture was stirred overnight 
at a temperature of about 90 “C. Not all of the amylose was 
dissolved by this method. To determine the actual amylose 
concentration, the undissolved amylose was removed by fil- 
tration. The filter paper containing the undissolved amylose 
was dried and weighed to determine the amount of amylose 
that did not dissolve in water. Deionized water was added to 
the volume of the filtered solution to make up the desired 
concentration of aqueous amylose. Saturated iodine stock 
solutions in excess potassium iodide (I&I) of varying con- 
centrations were prepared from resublimed iodine and stored 
in a cool dark place. Solutions of the amylose-iodine complex 
were prepared by mixing proportions of the amylose and I,! 
KI stock solutions with further dilutions. In the final samples 
the amylose concentration was varied from 0.02 to 0.08 g 
l- ‘, the I2 concentration was varied from 0.081 to 0.46 mM 
and the KI concentration was varied from 0.2 to 0.9 mM. In 
order to prevent bacterial action in the amylose solutions, the 
amylose-iodine solutions were made freshly prior to the 
measurement of the absorption spectra and the pumpprobe 
transients. The absorption spectra of the solutions were taken 
regularly to check for degradation. The absorption spectra of 
the solutions were recorded in quartz cuvettes of 1 mm path 
length at room temperature (21 k 1 “C) on a Shimadzu 265 
W-visible spectrophotometer using aqueous amylose 
as the reference. Fluorescence measurements were per- 
formed on an SLM 4800C spectrofluorometer using front- 
face illumination. 

The picosecond pump-probe apparatus used in this study 
has been described previously [ 131. Two excitation sources 
were used. The first source was a synchronously pumped 
double-jet dye laser (rhodamine 6G gain dye, DODCI 
saturable absorber dye) with a single-plate birefringent filter 
which gave 2 ps pulse autocorrelation widths at 600 nm. To 
obtain shorter wavelength excitation, we used a synchro- 
nously pumped single-jet dye laser (rhodamine 110) with a 
three-plate birefringent filter which gave 10 ps pulse auto- 
correlation widths at 570 nm. The repetition rate for both 
lasers was about 76 MHz. The dye laser beam was split into 
non-collinear, co-propagating pump and probe beams with a 
Michelson interferometer. The beams were focused with an 
achromat of 10 cm focal length to a spot size of about 200 
pm in a rotating cell of 3 mm path length. The average laser 
powers in the pump and probe beams were 14 and 10 mW 
respectively. A microcomputer-controlled translation stage 
in the probe arm of the apparatus was used to delay the time 
of arrival of the probe pulse with respect to the pump pulse 
in the sample. The pump beam was modulated at 10.24 MHz 
with an acousto-optic modulator before being focused into 
the sample. The modulation induced on the probe beam was 
detected with a photodiode whose output was amplified and 
fed into a megahertz lock-in amplifier. The polarization of 
the probe beam with respect to the pump beam was changed 
with a polarization rotator. The polarized bleaching signals 
S,, (t) and S, (t) and the isotropic bleaching signal S,,,,.=(t) 
were obtained with probe light polarized parallel, perpendic- 
ular and 54.7” (the “magic” angle) to the polarization of the 
excitation beam respectively. The background-free second- 
order autocorrelation of the pulse was determined by replac- 
ing the sample with a KDP crystal and measuring the 
second-harmonic generation signal as a function of probe 
delay. The maximum of the autocorrelation was used to estab- 
lish the position of zero delay. All measurements were carried 
out at room temperature. 

3. Results 

Fig. 1 shows the absorption spectra of the blue-black amy- 
lose-iodine solutions containing a fixed amylose concentra- 
tion of 0.08 g 1-l and varying concentrations of IJKI. The 
broad absorption band centered at about 635 nm, which is 
due to the formation of the amylose-iodine complex, is 
clearly evident in the spectra. In addition, absorption bands 
appear at 225 and 196 nm due to free I - and at 35 1 and 288 
nm due to free I,- [ 141. With increasing iodine content the 
broad band (about 200 nm full width at half-maximum 
(FWHM) ) centered at 635 nm grows but eventually reaches 
saturation, whereas the bands due to free I- and I,- continue 
to grow. No fluorescence was detected from the sample. 
Pump-probe experiments were carried out on those samples 
corresponding to the fully saturated complex and which gave 
absorbances of about 0.2 in a cell of 1 mm path length. 
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Fig. 1. Absorption spectra of 0.084 g I- ’ aqueous amylose solutions with 
varying amounts of IJKI: a, 0.081 mIWO.23 mM; b, 0.16 mhUO.45 mM; 
2:. 0.24 mIWO.68 mh4; d, 0.32 mhUO.91 mM. The spectra were taken in 
quark cuvettes of 1 mm path length using a 0.084 g I-’ aqueous amylose 
,,olution without iodine as the reference. 
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I ‘ig. 2. Normalized magic-angle-induced transmission signal &&t) for 
I,xcitation at 600 nm. The full line through the signal is a fit of the data to an 
i,xponentiaJ decay function with decay time 847 ps (,$=0.35). Plotted 
,ibove the signal are the residuals from the fit. 

i :or this absorbance, optimum pump-probe signals were 
ilbtained. 

Fig. 2 shows a normalized 600 nm magic-angle-induced 
: ransmission signal for a fully saturated complex. The sharp 
;eak at zero time is the coherent coupling spike. Because the 
lgnal decays on a time scale much longer than the width of 

,lulse autocorrelation, it was not necessary to deconvolute the 
i.lecay function from the signal. Fits were started at 10 ps 
nstead of at zero delay to avoid the effect of the finite width 

c If the pulse. For excitation at 600 nm a single-exponential 
decay function best described the time dependence of the 
signal. as indicated bv the random residuals (Fig. 21. Anal- 

200 300 

Timdps 

Fig. 3. (a) Induced transmission signal for excitation at 600 nm for probe 
light polarized parallel to the pump light (upper curve) and probe light 
polarized perpendicular to the pump light (lower curve). (b) Absorption 
anisotropy r(t) calculated from Eq. ( 1) by using the signals in (a). The full 

Y , , 
line through the anisotropy is the average value of 0.35 kO.04. 

ysis of several data sets yielded an average recovery time of 
870 f 50 ps. Decreasing the excitation intensity by half had 
no effect on the decay kinetics of the magic angle signals at 
either of the two wavelengths. Increasing the iodine-to-amy- 
lose ratio also had no effect on the decay kinetics, which is 
consistent with the complex being near saturation. The sam- 
ples were stable under laser irradiation for extended periods 
of time, as evidenced by the absorption spectra of the laser- 
irradiated samples which were identical with absorption spec- 
tra of fresh samples. We conclude that the observed signals 
must be due primarily to photophysical processes and not 
to any photochemical process that could lead to permanent 
products. 

The absorption anisotropy r(t) is defined by 

r(t) = s,, (f> -s, Cl) 
S,,(t) +2s,co 

(1) 

The anisotropy measures depolarization effects due to the 
overall rotational motion of the complex, level kinetics and/ 
or transport of the excitation energy along the polyiodide 
chain. In the time range of our measurements (O-700 ps) the 
overall rotational motion of the aggregate is not expected to 
contribute to the decay of the anisotropy. Therefore r(t) will 
be determined primarily by level kinetics and/or excitation 
energy transport in the polyiodide chain. Fig. 3(a) shows the 
parallel and perpendicular induced transmission signals for 
excitation at 600 nm. The anisotropy calculated from these 
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Fig. 4. (a) Normalized magic-angle-induced transmission signal S,,,& t) 
for excitation at 570 nm. The full line through the signal is a fit of the data 
to a bi-exponential decay function f(t) = 0.37 exp( - t/ 155 ps) + 0.52 
exp( -t/870 ps) (x2=0.254). Plotted above the signal are the residuals 
from the fit. (b) Absorption anisotropy r(t) for excitation at 570 nm. The 
full line through the anisotropy is the average value of 0.34 + 0.05. 

signals (Fig. 3 (b) ) is constant in the indicated time range 
and has a value of 0.35 f0.04, which is less than the maxi- 
mum theoretical value of 0.4. 

In contrast, the signal at 570 nm is clearly non-exponential 
(Fig. 4 (a) ) and can be well described by a bi-exponential 
decay function, with residuals of the fit being random. In 
addition to the 870 ps relaxation, a relaxation time of about 
160 ps appears for excitation at 570 nm. The anisotropy at 
570 nm (Fig. 4 (b) ) is 0.34 +_ 0.05, which within experimen- 
tal error is the same value as that at 600 nm. 

4. Discussion 

To explain the pump-probe data, we make use of a five- 
level model (Fig. 5). This model is an extension of the three- 
level model used by Alavi et al. [ 151 to describe the 
picosecond polarization spectroscopy of dyes in solution. In 
the three-level model IO), 1 1) and 12) are states in the singlet 
manifold. Our model incorporates a second manifold of 
states. State 13) is a long-lived state which is optically inac- 

Fig. 5. Five-level model for amylose-iodine complex. The ( oti) are absorp- 
tion cross-sections coupling states 1 i) and (j); (kg] are first-order constants 
for relaxation between states 1 i) and l(j). 

cessible (or very weakly forbidden) from the ground state 
and can only be populated by non-radiative decay from 11). 
For this reason we will refer to these states as “dark” states. 
State 14) allows us to account for the possibility of excited 
state absorption within this second manifold. This second 
manifold of levels could be associated with triplet states, 
charge transfer states of the complex or photoproducts that 
eventually recombine to regenerate the complex within the 
time scale of the measurement. Given the wavelength limi- 
tations of our apparatus, we are unable to identify the nature 
of these states at this time. None the less, as we will show 
below, such states must play an important role in the photo- 
physics of the amylose-iodine complex. 

The amylose-iodine complex interacts with the probe light 
through the transition dipole moment p” which couples state 
1 i) and state ]j) with the cross-section oii. Because vibra- 
tional relaxation is rapid compared with the time resolution 
of our apparatus (2-10~s)) vibrational levels are not included 
in this model. The level kinetics are characterized by first- 
order constants k, for decay between states I i) and ]j). Fur- 
thermore, within the time resolution of our apparatus, 
transitions from I 2) to I 1) and from 14) to I 3) are so rapid 
(i.e. k2, = CC and kA3 = @J) that the populations in 12) or 14) 
are essentially zero. This model is not unreasonable and pro- 
vides a means of analyzing the level kinetics for many molec- 
ular systems. Mizuno et al. [ 161 have shown by using Htickel 
molecular orbital calculations that the density of excited states 
in (I,-), chains is high, which enhances the probability of 
excited state absorption in these systems. 

Solving the set of coupled first-order differential equations 
for the state populations KC’) yields 

ze4’(t) =o (2a) 

K(3)(t) =K”‘(O) * iexr.4 -k30t) -exp( -WI 
1 30 

(2b) 

K'2'(t)=0 (2c) 

K”‘(t) =K"'(O) exp( -k,t) (2d) 

P)(t) =K-K”‘(t) -@3’(t) (2e) 
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where K”‘(O) is the initial population in 1 I), K is the total 
concentration of absorbers and k’ is the total decay rate for 
1 1 ), which is equal to k’, + k’3. The rate constant kiO contains 
contributions from both a radiative rate k;, and a non-radia- 
tive rate k;;,, with k10 = K,, + Kt;& 

Based on this model, an expression for S54.70 (t) can be 
-eadily obtained (see Appendix). In the small signal limit the 
magic angle signal is given by 

(3) 

lo”‘Zo- 
01 - u12 (da) 

lc’3’ = g 
01 - CT34 (4b) 

.‘nd d is the length of the pump-probe overlap region in the 
,ample. In the absence of excited state absorption (i.e. 
T ‘2 = c34 = 0) the magic angle signal will be given by the 
>um of the populations for 11) and 13). This leads to bi- 
.:xponential decay kinetics for the magic angle signal: 

SS4.70(t) = cr,,K,(O)d[ (1 - Q3) exp( -k’t) 

+$ exp(-k3d)l (5) 
where @3=lc’3/kl, which is the yield of formation of state 
3). In this expression we have assumed k, Z= k3(‘. Although 

>i-exponential kinetics are still obtained with excited state 
tbsorption, the pre-exponential coefficients depend on both 
he yield of formation of 13) and the differences in the absorp- 
ion cross-sections, If the rate of the non-radiative transition 
‘ram 1 1) to 13) is extremely fast compared with the rate of 
ransition from 1 1) to IO) (i.e. k,, < k13), the decay of the 
-lump-probe signal will be dominated by the long-lived com- 
‘orient.. This is consistent with the absence of fluorescence 
rom the complex. The fluorescence quantum yield is given 
‘y @r= K;,J ( k10 + k,,) . Low fluorescence yields occur for 
fX’13 > k’,, and K,,,. Interestingly, others have noted that the 
Ixoadness and lack of vibronic structure within the electronic 
.‘bsorption band of the complex are manifestations of a very 
,;hort excited singlet state lifetime [ 171. 

Because of the wavelength dependence of the absorption 
cross-sections, the proportion of components in the decay 
~.hould vary with wavelength. This could explain why the 
lump-probe signal can be fitted by a single exponential decay 
‘unction at 600 nm and a bi-exponential decay function at 
“70 nm. However, the short decay component obtained from 
I he fit of the 570 nm data is much too long for there to be no 
tiuorescence. Another explanation is that the amylose-iodine 
,,omplex is heterogeneous and that there is a distribution of 
:xcited state lifetimes corresponding to different chromo- 
;)hores in different microenvironments. The bi-exponential 
.:ecay observed for the amylose-iodine complex could there- 
I ore be due to the chromophore being located on different 
‘tes in the amylose helix. A more likely explanation is that 

..I( 570 nm other polyiodide chains are being excited. The 
: horter polyiodide chains absorb at shorter wavelengths. 
Indeed, monomeric I5 - absorbs at about 559 nm [ 161 

whereas (I,-), absorbs at about 635 nm. Overlapping 
absorption bands will give rise to the multi-exponentially 
decaying signals in these single-wavelength pump-probe 
measurements, If our data were of higher quality, this non- 
exponentiality would probably also be evident for excitation 
at 600 nm. The 600 nm ground state recovery time of 870 f 50 
ps must therefore be considered as an average over a distri- 
bution of lifetimes. With better data we would also be able 
to carry out a lifetime distribution analysis to discern whether 
the two-component nature of the signal at 570 nm is due 
perhaps to two chromophores with very different lifetimes or 
is simply a pecularity of the shape of the distribution. 

If an effective anisotropy r(j) (r, p”) is assigned to each 
optically allowed transition with cross-section oii, then the 
observed anisotropy for the five-level model is given by (see 
Appendix) 

‘+&served ( t) = 
Ar”‘K”‘(t) +Ar’3’K’3’(t) 

Aa”‘K”‘(t) +Au(~‘K’~‘(~) (6) 

where 

(7a) 

(7b) 

Knowledge of the mechanisms for the loss of polarization 
would allow us to obtain explicit expressions for r(j). Even 
without knowing these mechanisms, information about the 
excited state dynamics can still be gleaned from the properties 
of the observed anisotropy in terms of the five-level model. 
First, an initial anisotropy which is less than the maximum 
value of 0.4 is consistent with the presence of excited state 
absorption. At zero time the population in 13) is zero (see 
IZq. (2b) ) . Consequently, the observed anisotropy at zero 
time will be determined by the anisotropy difference for 
ground state and excited state absorption from the first level 
of the singlet manifold, weighted by the corresponding 
absorption cross-sections: 

robsewed = 
uolrcO)(O pol) -a,,r"'(O p12) 

’ uol _u12 ’ (8) 

In the absence of excited state absorption the anisotropy will 
be determined by the effective anisotropy for the 1 O)-to- I 1) 
optical transition with a value of 0.4. However, if excited 
state absorption is significant and the ground state dipole 

” moment p is oriented differently from the excited state 
dipole moment cc’*, the observed anisotropy can be less than 
0.4. Owing to the rapid decay of K’“, the observed anisotropy 
at longer times will be governed by the anisotropy difference 
between ground state and excited state absorption from the 
third level of the second manifold, weighted by the corre- 
sponding absorption cross-sections, i.e. for t> 1 lk,, 

The high value of the anisotropy, even after relaxation into 
level ) 3), is indicative of an ordered molecular system, as 
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expected for a linear polyiodide chain, with very little exci- 
tation energy transport. The absence of excitation-intensity- 
dependent decay kinetics is a signature that the excitation is 
not localized on a single Is- unit but is probably delocalized 
over a larger domain within the (I,-), chain, in analogy to 
J-aggregate systems [ 131. 

5. Conclusions 

Despite the lack of fluorescence and the broadness of the 
absorption band of the amylose-iodine complex, a surpris- 
ingly long average relaxation time (about 870+ 50 ps) is 
observed for the magic-angle-induced transmission at 600 
nm, corresponding to excitation on the short wavelength side 
of the absorption band. This discrepancy can be resolved if 
one assumes that the photophysics of amylose-iodine is gov- 
erned by two manifolds of levels: a manifold of singlet states 
and a manifold of “dark” states. In the context of the five- 
level model the absorption spectrum is due to a transition 
from the ground state to the first excited state of the singlet 
manifold. The lack of fluorescence is characteristic of fast 
non-radiative relaxation from the first singlet excited state, 
with the relaxation apparently being dominated by a non- 
radiative transition from this state to a low-lying state within 
the dark manifold. An anisotropy that is constant and equal 
to 0.35 f 0.04 can be rationalized by excited state absorption 
within the singlet manifold. The constancy of the anisotropy 
is evidence for a highly ordered molecular system, as 
expected for a quasi-one-dimensional linear polyiodide 
chain, with the excitation delocalized over several I,- units. 
The clearly non-exponential character of the signal at 570 nm 
is probably more of a reflection of the microheterogeneity of 
the system and not due to any wavelength dependence in the 
level kinetics. Our future plans are to perform pump-probe 
experiments that will allow us to excite at one wavelength 
and probe with continuum light over a much longer time 
range (from nanoseconds to microseconds). By obtaining 
the transient spectra and studying their behavior in the pres- 
ence of triplet quenchers and electron acceptors/donors, we 
will be able to determine the nature of the long-lived state in 
the amylose-iodine complex. Finally, we hope to extend 
these optical studies to other polymer-polyiodide systems. 

for probe light polarized parallel and perpendicular to the 
pump light: 

Nt,*’ ( r, cl”) = 0 (Ala) 

N’:‘(t,p2’) =O (Alb) 

N/,4’ ( t, /A*) = 0 (Ale) 

N’,)(t,#) =O (Aid) 

N~,3’(t,p3j)=~K(3)(t)[1+2r(3)(t,p3j)] (Ale) 

N(3)(t~3j)=1K(3)(t)[1-r(3) I 9 3 (6 P3’) 1 (Alf) 

Nl,‘)(t,p’j) = $K”‘(t) [ 1 +2r”‘(t,p”)] (49 

N’:‘(t pU) =fK”‘(t)[l_r”’ (W”)l (Alh) 
Nj,O’(t,p@) =fK-f[K”‘(t) +ti3)(t)] 

x [1+2P’(t,CcO’)] (Ali) 

N:O’(t,p@) =fK-![K”‘(t) +K’3’(t)] 

x [ 1 -r’O’(t,p@)] (AU) 

In these equations K is the total absorber concentration and 
K”‘(t) is the population in state ] i) (see Eqs. (2a)-( 2e) ). 
For states IO), 1 1) and 13) the effective anisotropies are 
defined as 

t, py = 
Nf,” (t, pw) -NY' (t, cc”‘) 

-[K"'(t) +fi3’(t)] 

t, p”) = 
N\,"(t,p") -N’:‘(t,p”) 

K”‘(t) 
(A2b) 

t, /2’) = 
Ni,3’ (t, /.L~‘) - NC:’ (t, p3’) 

ti3’(t) 
(A2c) 
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Equations (A2b) and (A2c) are standard definitions for 
excited state anisotropies. Eq. (A2a) for the ground state 
expression incorporates a modification that is necessary for 
the correct normalized value at t = 0. In the small signal limit 
the Beer law transmission coefficients for the probe light after 
passage of the pump light are therefore given by 

T,,(t) =expI - ]~ol$?(t,~o’) +~12N~,‘)(r,~12) 

+c,N:,%p34H4 (A34 
T,(t) =exp{ - [ao,N~‘(t,pol) +o12N’:‘(t,p12) 

+~34N:3)(t,p34)14 (A3b) 

In these equations uti is not the usual absorption cross-section 
but is a factor of 3 larger. The observed signals are related to 
these transmission coefficients by 

Appendix 
S,,(t) = 

T,,(t) --T,,(oo) 
T,, (“1 

Following the approach of Alavi et al. [ 1.51, one can write S,(t) = 
T,(t) - T, (“> 

expressions for the state populations for the five-level model i-1 (“> 

(A24 

(A4a) 

(A4b) 
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Substitution of Eqs. (Ale)-(Alj) into Eqs. (A3a) and 
(A3b) yields in the small limit the following expressions for 
the signals: 

s,,(t) =f[Ao”‘K”‘(t) +A~+~‘K’~‘(r)ld 

+3[Ar”‘K”‘(t) +Ar’3’K’3’(t)]d 

s,(t) = f[A~+%“‘(t) +Aa(3)K(3)(f)]d 

(A5a) 

- f[Ar(‘)K(‘)(f) +Ar’3’K’3’(t)]d (A5b) 

where Acr”’ and AU(~) are given by Eqs. (4a) and (4b) 
and A r(I) and A rC3) are given by Eqs. (7a) and (7b). The 
magic angle signal is defined as 

S,,,.(f)=S,,(t)+2S.(t) (‘46) 

Substituting Eqs. (A5a) and (A5b) into Eq. (A6) results in 
Eq. (3). Finally, the observed anisotropy (Eq. (6) ) can be 
obtained by substituting Eqs. (A5a) and (A5b) into Eq. ( 1) . 
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