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Resonance light scattering (RLS) on supramolecular assemblies of chromophores is a sensitive and selective
method to extract size and shape information, but the interpretation of the data is complicated by the large
amount of absorption present. By combining extinction and RLS measurements on the same samples of acidified
tetrakis(4-sulfonatophenyl)porphine {HPPS), a technique is described whereby the scattering spectrum can

be “corrected” for absorption. An additional benefit of this analysis is that the spectrum obtained for these
solutions on a spectrophotometer, which is really an extinction spectrum, can be parsed into its absorption
and scattering components. The results demonstrate that scattering contributes significantly to the aggregate
peak in the extinction spectrum. Knowledge of the absorption and scattering components allows an estimation
of the average aggregation number to be made, which for these solutions is on the order @1

addition, static and dynamic light scattering measurements provide evidence for a rodlike aggregate with
about 10 000 molecules along its length and about 20 molecules across its diameter.

1. Introduction chromophores. The additional complication encountered here
arises because, in a spectrophotometric experiment on solutions
that scatter appreciable light, it is tbgtinctionthat is measured
extended aggregates of chromophdrésThe scattering inten- and not absorptlon. Therefore, consideration must be given bpth
to the absorption of the sample and also to the scattering which

sity of such species is enhancedd®yeral orders of magnitude hot ; the incident and ttered b Th
at or near the wavelength of absorption when strong electronic removes pnotons from the incident and scatiéred beams. 1nus,

coupling exists among the chromophore units. As a result, RLS n developing a method for _the correction of RLS spectra for
is an extremely sensitive and selective technique for monitoring bOt,h apsorptlon and scattering, a procedure for separating the
such molecular assemblies and shows promise for determiningEXtinction measurement into its components is required. What

their size and shape as wéf.In this paper, we present results ‘f‘ollows_ 'S an outline of the pr_ocedures f_or (i) finding the
from RLS experiments using both an ordinary computer- effective” path length over which absorption and scattering

controlled spectrofluorimeter in which the scattering angle is actin a sample, (i separating an extinction measurement into
fixed at 90 and a laser light scattering apparatus in which the its absorption and scattering components while simultaneously

scattering angle is variable. A computational strategy that usescorrecting RLS spectra for absorption, ano! (iii) using the
these data to estimate the average number of monomers in ar@bsorptlon and scattering components to estimate the average
aggregate is also presented. number of. monomers in an aggregate. The results. frqrn this
Unlike conventional light scattering techniques in which the last techmq_ue are _then compared to the dete_rmlna_tlon of
wavelength region of chromophore absorption is avoided, RLS aggregate size o_btalne_d from RLS experiments in Wh'Ch the
measurements focus on this portion of the electromagneticsca.1tterlng gngle IS varled,_and dyqamlc RLS experiments in
spectrum. Therefore, similar to the corrections needed in which the time autocorrelation function of the scattered light is
fluorescence spectroscopy for primary and secondary absorptior{neasured'
processes, RLS spectra need to be corrected for absorption o
the incident and the scattered light. This paper presents an
empirical method for making absorption corrections of RLS ~ 2.1. Chemicals and Solution Preparation.The porphyrin
spectra obtained on fluorescence spectrometers with right angletetrakis(4-sulfonatophenyl)porphine {FPPS, Figure 1) was
detection. Obtaining the required absorption data to carry out obtained from MidCentury Chemical (Posen, IL) as the tetra-
this correction is not as straightforward as in fluorescence sodium salt. (The charges of porphyrin species are not shown
spectroscopy, but is absolutely crucial in order to extract useful €xplicitly for the sake of convenience.) The polystryene spheres
information from spectroscopy experiments on aggregates ofused in these studies were obtained from Seradyn, Inc.
(Indianapolis, IN). Stock porphyrin solutions (2@ range)
* Corresponding author. E-mail: pcollinl@swarthmore.edu. Fax: 610- were stored in the dark and used within five days of preparation.
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058 so; ties due to absorption effects is essential for any quantitative
application of the RLS technique. The correction of the RLS
O Q intensity is analogous to corrections of fluorescence spectra for
primary and secondary inner filtering. Computational methods

\ for carrying out these corrections are well documented in the

literature?-® As applied to scattering spectra where the incident

I and scattered wavelengths are identical, the attenuation of the
= RLS intensity due to absorption can be taken into account using
O O the following correction factor:
058 S03°
| ’ . N 5.3038A% (x, = X1)(¥, — Y1)
Figure 1. Structure of tetrakis(4-sulfonatophenyl)porphing TAPS). FCO"(;L) = (1)

(10 — 10 9)(10 ™ — 10 ™9)
concentrations of porphyrin solutions were determined in 1 mM ) ) )
phosphate buffer at pH 6.8 using a value for the molar A is the absorption/cm of the solution at a given wavelength

absorptivity ofe = 5.53 x 106 M~L cmr! at 413 nnf Al _and (a, xz_) and 1, y2) are the positions of the ends of the
solutions and suspensions were prepared using Millipore purified iNtérrogation zone for the incident and scattered beam, respec-
water that had been previously filtered with a @rh filter to tively. The interrogation zone is the region of sample through

remove any particulates. All other chemicals were reagent grade Which both incident light passes and scattered light reaches the

purchased from Fisher Scientific, and used without further detector. The difficulty of accurately measuring the dimensions

purification. of the interrogation zone makes this method |mpract!cal.
Aggregation of this water-soluble porphyrin to form J- In an empirical method developed here, the correction factor

aggregates having large RLS intensity occurs at low pH €&n be written in the form
conditions (when the porphyrin is in its diacid form). Since the om Loy
characteristics of these aggregates depend on the protocol used F™A) = 10" (2)

to make the solutions, different methods were investigated in which uses an experimentally determined effective path lenath
search of approaches that consistently gave reproducible results eXp y . > Pa gth,
Lewr, to approximate the average distance the incident and

This criterion was met if the solutions were prepared by the ) )
addition of a concentrated stock solution oj‘ﬂFPrl)DSpat neutryal scattere_d light travels _through the_ samplc_s. The effective path
length in the correction factor is obtained by measuring

pH to a solution of HCI at pH 1. In addition, the concentration . . L .
of H,TPPS was kept low (below 4M) for two reasons: (1) to scattering spectra for solutions containing nonabsorbing scat-
2 . terers in the presence and absence of nonscattering absorbers.

keep the magnitude of the correction due to absorption at a e ; . A ;
significant but not overwhelmingly dominant level, and (2) to \Tvg(\e/g,lelrf]g;tgs the intensity of the scattered light at a given

minimize complexities in the aggregate structure that may occur
at high concentrations (e.g., the formation of higher order I

mesostructure assemblies). As a result, all of the solutions __scatterer w/absorber_ 4 -Aley (3)
studied had significant amounts of,FPPS in the monomer I'scatterer wio absorber

form. Solutions were allowed to equilibrate for several hours ) ]
before measurements were made. whereA is the absorbance/cm of the nonscattering absorbers at

2.2. Instrumentation and Equipment. Extinction measure-  the wavelength under consideration. The above ratio of scattered

ments were conducted on a JASCO V550 Spectrophotometerint?nSitieS is pl_otted again_st absorbance and a Ieast-sql_Jares
using Fisher polymethacrylate cuvettes (1 cm path length). fitting program is used to fln_d the best valug of the effective
Porphyrin staining of the cuvette surface is less severe for Path length. For these experiments, suspensions of polystyrene
polymethacrylate than for quartz. spheres (diameter 0.065xm) and potassmm dlchromate at
Resonance light scattering measurements were conducted o?H 3 were used as the nonabsorbing scatterers (in the wave-
two fluorimeters: a SPEX Fluorolog spectrofluorimeter (fluo- €ngth range monitored) and the nonscattering absorbers,

rimeter no. 1), as previously descriBedl and the updated  respectively. , _
version of this fluorimeter, a Fluorolog 3, now built by Laser scattering experiments were conducted to confirm the

Instruments S.A., Inc. (fluorimeter no. 2). For both instruments, 8ssumption that the potassium dichromate solutions did not
RLS spectra were obtained using the ratio mode for signal Contribute any additional scattering beyond background from
intensity and in the synchronous scanning mode in which the the aqueous solvent. Unlike a conventional fluorimeter, accurate

emission and excitation monochromators are preset to identicalMeasurement of the actual path length of the incident and
wavelengths. scattered light is relatively simple for the laser instrumentation.

Scattering intensities were also measured using an Innova- ' he samplle containers are cylindrical and the incident beam
70 mixed gas laser with a Brookhaven Instruments BI-9000AT &nd detection path are extremely narrow. Therefore, to a good
light scattering system. Cylindrical glass sample containers with @PProximation the actual path length for the laser system is the
a diameter of 2.54 cm were employed. Band-pass filters were inside diameter of the cylindrical sample holder (2.52 cm).
placed in front of the detector to minimize the contamination
from fluorescent light, which for ITPPS is emitted at signifi-
cantly longer wavelengths. Scattering intensities at a single 3.1. Determination of the Effective Path Length Scattering
wavelength and at a single angle were measured multiple timesexperiments were conducted on solutions of potassium dichro-
(typically between 3 and 8 times) with the average of these mate using the laser scattering instrumentation. “Off-resonance”
values used in the analysis. scattering measurements were first performed for solvent and

2.3. Methods To Correct Scattering Intensities for Ab- potassium dichromate solutions at 568 nm. At all concentrations
sorption. The correction of incident and scattered light intensi- of potassium dichromate (with concentration monitored by

3. Results and Discussion
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Figure 2. Scattering intensity (90 laser instrument) at 454.4 nm versus Figure 4. Ratio of the scattering intensities from one of the samples
absorbance at 454 nm for solutions with different concentrations of of Figure 3 as a function of absorbance (fluorimeter no. 1) along with
potassium dichromate:@®) actual data; ®) actual data corrected for  similar data for fluorimeter no. 2. The curves represent least-squares

absorption using eq no. 2. fits using eq 3.
16107 5 . . r t suspensions of 0.06@Mm polystyrene spheres in the presence
14107 fgﬁeﬁg . - Sample #1 (no absorber) | and absence of dissolved potassium dichromate for fluorimeter
D E%ED o Sample #2 (no absorber) no. 1.
@ *»  Sample #1 (with absorber) . .
E 1210 | %% = Sample #2 (with absorber) | The scattering of the polystyrene spheres alone decreases with
& increasing wavelength, a profile typical of Rayleigh scattering.
z 110 In the presence of the potassium dichromate absorbers, the
é g 108 scattering from the polystyrene spheres is reduced throughout
E most of the wavelength region shown. At wavelengths greater
T e10° than about 540 nm, the polystyrene sphere scattering with and
§ without potassium dichromate is about the same. The potassium
410° dichromate absorbance is so small in this wavelength region
. (less than 0.05) that it has very little effect on the scattering
210 from the polystyrene spheres.
480 480 500 520 540

Shown in Figure 4 is a plot of the scattering ratio (the
scattering intensity of the polystyrene spheres with potassium
sions of 0.065¢m diameter polysytrene spheres with and without dichromate divided by the scattering intensity of the polystyrene

potassium dichromate: (unfilled symbols) no potassium dichromate; spheres W't_hOUt potassmm dlCh_romate) versus the absorptlon
(filled symbols) with potassium dichromate. of a potassium dichromate solution of the same concentration

but with no polystyrene spheres. Each point of the plot represents

absorbance of the solution at 454 nm), there was no additionaldata obtained at a different wavelength. Least-squares fits to
scattering above the amount observed for the solvent alone. €d 3 are also shown in the figure. As evident from Figure 4,
“0 " : . . the least-squares fits to eq 3 over an absorbance range from 0.1
n-resonance” scattering of the potassium dichromate . - X
. A . to 1.2 are quite good and yield effective path lengths of 0.675
solutions was measured at 454.4 nm. Shown in Figure 2 is the for fluori d f
“on-resonance” scattering for these solutions. The “on- = 0'.001 cm for fluorimeter no. 1 and 1.0 0'095 cm Tor
resonance” scattering is observed to decrease frbm the back_ﬂuonmeter no. 2. Direct observation of where the incident light
9 - “strikes the sample cuvette confirmed that the optical paths in

dich luti . Th . fth \uti Mthese two fluorimeters are significantly different. This demon-
ichromate solutions increases. The scattering of these solutiong -:oc just how crucial it is to determines for each

corrected for absorption was determined using the empirical fluorimeter. even when the models are the same
correction factor given in eq 2 and a value of 2.52 ¢m for the For fluorimeter no. 2, data for three suspensions of polysty-

actual path length of the laser cell. Within experimental error rene spheres, each containing different concentrations of potas-

fot: all ?ght sol%tlont_s, tlhte ?ﬁatt:”nkg |nter:jS|t|e|S corrsft_ed gortsium dichromate, were combined for analysis. In addition, data
absorption are identical to the background values obtainec aly,q ¢ coljected using three slit widths (0.1, 0.15, and 0.25 mm).

zero absorbance (no potassium dichromate). These results len hen the data for the three concentrations and the three slit

support for the following conclusions: (i) potassium dichromate, widths were analyzed independently, the values obtained for
under the conditions of these experiments, is a “nonscattering” Lest ranged from 1.07 to 1.09 cm with an average value of 1.08
abgorber, and (ii) the empirical correction factor technique is ., Although the fits were quite good, an additional check for
valid. any significant variation in the effective path length with

In order to use the empirical correction factor on spectra wavelength was conducted. A series of six preparations of
obtained with a fluorimeter, the effective path lendthy, for polystyrene spheres with and without varying amounts of
the fluorimeter must be determined. This was done by measuringpotassium dichromate were monitored on fluorimeter no. 2. The
the absorption of potassium dichromate solutions and the data were analyzed for determinatior_gf at three wavelengths
scattering from suspensions of polystyrene spheres with and(430, 454, and 490 nm) and at three different slit widths. The
without the added (nonscattering) potassium dichromate absorb+ange ofL.s values was 1.0#1.10 cm with an average value
ers. Shown in Figure 3 are the scattering spectra obtained forof 1.08 cm.

Wavelength (nm)
Figure 3. Scattering spectra (90fluorimeter no. 1) for two suspen-
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3.2. Separation of an Extinction Spectrum into Absorption 610°
and Scattering Components While Correcting the Scattering
Spectrum for Absorption. In the course of our experimental
studies, it became apparent that in many cases extinction spectra
of porphyrin aggregates contain a significant scattering com-
ponent. Thus, what is really desired is not only a method to
find the “true” scattering spectra at a fixed angle (fluorimeter
data), but also a method to separate the absorption and scatteri
components of the extinction spectra (spectrophotometer data
There is a connection between the “true” scattering data from
the fluorimeter and the scattering component of the extinction
data from the spectrophotometer, since the former measures the
scattering at a fixed angle whereas the latter measures the total 0 1 I I i
amount of scattering at all angles. The key to separating the 0 0.2 0.4 0.6 0.8 1
extinction spectra into its components is to make use of this Extinction
connection. Figure 5. Scattering intensity (99 versus extinction at three different

Measuring spectra of a suspension of polystyrene Sphereswavelengths for five different suspensions of 0.20¢h diameter_ _
using both a spectrophotometer and a fluorimeter yields “true” polystyrene spheres. The curves represent least-squares quadratic fits.
scattering information in both cases since polystyrene sphere
do not absorb in the region of interest. If this is done for different
scattering intensities (different suspension densities of polysty-
rene spheres), the quantitative connection between these twi
measurements becomes known as a function of both scattering
intensity and wavelength. For any sample that scatters light with | _ aﬁ +bs te @)
the same angular dependence as the polystyrene spheres, spheres pheres pheres
therefore, measurement of the scattering spectrum using the ) . ) . .
fluorimeter (corrected for the absorption component only) yields !seheresiS the scattering intensity measured in the fluorimeter,
the scattering component of the extinction spectrum. Since the SspheredS the scattering component as measured in the spectro-
absorption component needed for the correction is the extinction PNOtOMeter $pheres= Espneres= extinction for these nonabsorb-
spectrum corrected for the scattering component (absorgtion N9 Scatterers), anal b, andc are the coefficients as determined
extinction — scattering), a self-consistent equation results in PY_the least-squares quadratic fit. = _
which the absorption component is the only unknown. Solving The ar\gular depende_nce of the light scattering for both a
this equation at a given wavelength yields the absorption SUSPension of 0.204m diameter polystyrene spheres and the
component; subtraction of the absorption component from the H_4TPPS splut|on IS showr_1 n Flgure 6. To account for the
extinction yields the scattering component. Finally, correction dlff_erence in the angular distributions, the ra_tlo of the amount
of the fluorimeter data using the absorption component and the of light scattered at J0to the total amount of light scattered at

effective path length yields the “true” 9&cattering intensity. ?‘” angles is found for eac.h sgmple. The latter i.s simplly'the
If this procedure is repeated for each wavelength of the integral of the data shown in Figure 6 if the data is multiplied

extinction spectrum, the “true” absorption spectrum and scat- by t_he sine of the scattering angle before mtegrayoqh(a)‘_ IS
;[bhe intensity of light scattered at andlethen the ratio is given

T T T T

g —6&— 400 nm
510° - —&-—450 nm
—a— 500 nm

nts/s)

4108 |- -

310° |- g

>
tfﬁtensity (cou

ring

L

210° | B

Scatte

110° | E

SLeas'[-squares fits to a quadratic function are made at each
wavelength, establishing the quantitative connection between
scattering as measured in the fluorimeter and scattering as
easured in the spectrophotometer:

tering spectrum are obtained. However, since the scattered ligh
from the polystyrene spheres and the sample being studied d
not necessarily have the same angular distribution (their structure 1(90°)
factors are likely to differ), angle-dependent light scattering =

experiments should be done on both to obtain this information. ffw 1(6) sin6 do
Once this has been accomplished, an appropriate factor taking 0

this difference into account can be included in the self-consistent . . < i¢ -onsistent equation relating the spectrophotometer

equation bgfore itis SOIVed_' . and fluorimeter data at a specific wavelength can now be written.
The various steps are illustrated below using 0.204 The left-hand side of the equation is the scattering intensity of
diameter polystyrene spheres and solutions of acidified tetrakis-the H,TPPS solution from the fluorimetel ample COrrected for
(4-sulfonatophenyl)porphine, MIPPS, containing both mono-  apsorption. The right-hand side of the equation is a determi-
mers and aggregates. First, an extinction spectrum using thenation of the fluorimeter scattering intensity using the connection
spectrophotometer, a scattering spectrum (in this case usinghetween the spectrophotometer and fluorimeter data as obtained
fluorimeter no. 2), and angular scattering data using the laserfrom the analysis using the suspensions of polystyrene spheres.
apparatus are obtained for the porphyrin solution. Second, aThe extinction of the HTPPS solutionEsampie appears on the
series of polystyrene sphere suspensions is prepared thatight-hand side. Finally, the ratios describing the different
represent the range of “true” scattering anticipated from the angular distributions of scattered lightampie@ndrspheres Must
porphyrin solution. Third, extinction spectra and fluorimeter pe present in appropriate places. The self-consistent equation

scattering spectra are obtained for each polystyrene suspensionn which the only unknown is the absorption component of the
Finally, the angular scattering data are obtained for one (or more)H,TPPS solutionAsampie is therefore

of the polystyrene suspensions.

Plots at each wavelength are made of the fluorimeter
scattering versus extinction for the polystyrene spheres. Somesampl
of these are shown in Figure 5, where is clear that they are
fairly linear but with a small amount of downward curvature. b(EsamP'e_ Asame +cl (6)

(®)

e'l.d-\s pideft — —Ta(Esample_ Asamplg +

spheres
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Figure 8. Scattering spectrum for a 3.74M solution of HTPPS:
80 . . : . . ' (solid line) actual data; (dashed line) actual data corrected for absorption.
o shorter wavelengths simply reflects the nonresonant (Rayleigh)
3 Thin Rod Fit scattering from the FTPPS aggregates.
= 60 Intensity @ g=0 = 78.5 2.1 kc/s - The “true” tteri t P by the left-hand sid
s \ Length = 0.584 +0.020 um e “true” scattering spectrum is given by the left-hand side
g of the self-consistent equation and can be calculated once the
> absorption and scattering components of the extinction spectrum
g 40 are known. Both the original and corrected fluorimeter spectra
% are shown in Figure 8. Notice (1) that the decreased scattering
£ around 435 nm due to absorption by monomers all but
£ 20F disappears in the corrected spectrum, (2) that the scattering in
O e .
@ (b) the vicinity of the aggregate peak (489 nm) is much enhanced
in the corrected spectrum since the effects of absorption are no
0 - L L L L L longer present, and (3) that the difference in wavelength between
0 5 10 %20 25 30 35 the absorption and scattering peaks is clearly revealed by the
Scattering Wavevector (um’) asymmetry of the uncorrected spectrum in the vicinity of the

Figure 6. Scattering wavevector dependence of the scattering intensity Scattering peak.

at 488 nm for (a) a suspension of 0.204 diameter polystyrene spheres The small peak around 425 nm raises an interesting question.
and (b) a 3.7«M solution of HTPPS. The curves represent a least- There is evidence that MIPPS forms H aggregates also, with
squares fit to the scattering function for (a) a sphere and (b) a thin rod. a peak extinction blue-shifted to about 420 AHOn the other
hand, the minimum in the intensity around 435 nm in the

1 I T T
' ' — uncorrected spectrum is surely due to absorption of incident
VVVVV izts”;fst‘?zn and scattered light by monomers in solution. The procedure used
0.8 Scattering | | to correct for absorption should eliminate this effect, but clearly

a small minimum remains in the corrected spectrum. Whether
the correction is not perfect or scattering from H-aggregates
(or both) affect the corrected scattering spectrum is an open
guestion.
3.3. Estimation of the Average Number of Monomers in

an Aggregate.Knowing the absorption and scattering compo-
nents of the extinction spectrum allows for an estimation of
the average number of monomers in an aggregate. To simplify
the calculation, the assumption is made that the size of the

E, A orS

400 425 450 475 500 525 550 aggregates is much smaller than the wavelength of light and
Wavelength (nm) therefore the relationships governing Rayleigh scattering are

Figure 7. Extinction spectrum for a 3.74M solution of H,TPPS, appllcat?lg. quever, as will be seen from the analysis of these
showing its absorption and scattering components. results, it is evident that at least one dimension of the aggregates

with which we are working is greater than the wavelength of

The result of solving this self-consistent equation at 0.5 nm light. So this calculation should be viewed as an order of
intervals for a 3.7M H4TPPS solution is shown in Figure 7. Magnitude estimation, although it might be more accurate than
Notice that a significant part of the extinction in the region of it at first seems should two of the dimensions of the aggregates
the aggregate peak (489 nm), over 50% at some Wavelengths,be much smaller than the wavelength of light (i.e., the aggregates
is due to scattering. Another striking feature in this part of the are long and thin). ) o _
spectrum is that the absorption and scattering components do !f the concentration of aggregates, is known, it is possible
not have their maxima at exactly the same wavelength, but to determine the absorption, scattering, and extinction coef-
instead the scattering component peak is red-shifted by 2 nmficients aa, sa, andea, respectively,
relative to the absorption component peak. Finally, notice that
there is no scattering component due to the monomers in A =—" S =—— e =—- (7)
solution (435 nm). Rather, the small scattering component at Cal Cal Cal
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TABLE 1: Size and Shape Estimates for Four HTPPS

the wavelength, absorption, scattering, absorption coefficient
Solutiong?

in chromophore units, angular factor, and aggregation number

concn ¢M)  aggregnno. lengthum)  hydrodyn radiusgm) for the “standard” aréls, As, S, &5, r's, andNs, respectively,
233 ~610000  0.86 0.06 0.23+ 0.11 then the aggregation number for the samlg, is given by
2.79 ~550000  0.66+ 0.03 0.21+ 0.09 the ratios of these quantities:
3.25 ~400 000 0.63+ 0.02 0.18+ 0.09
3.71 ~320 000 0.58+ 0.06 0.17+ 0.08 ;{Xz re a;«( As S(
2 The length and hydrodynamic radius are determined from angular X~ o AL §SN5 (11)
light scattering and dynamic light scattering experiments, respectively. As” Txal Px

But since the scattering intensity as measured by the
whereL is the cell path length of the spectrophotometer (usually fiyorimeter is nearly proportional to the scattering component
1cm).As, Sy, andE, are the absorption component, scattering of the extinction, the rati®x/Ss is approximately equal tbx/
component, and extinction, respectively, at the wavelength of | \vherely andls are the fluorimeter intensities, corrected for

maximum scattering component for the aggregate (about 4895p50rption, for the sample and standard, respectively. The

determine the concentration of porphyrin in aggregate form,

Cx, Which can be determined from subtracting the concentra- 2218t Al

- ; - x TsasAgly

tion of monomers from the total porphyrin concentration. These N e L (12)
last two are known from the molar absorptivities of the monomer A& Txal Ax s

in its free base and diacid forms. So absorption, scattering, and
extinction coefficients can be determined for the porphyrin units
in aggregate form

Of course, the sample and “standard” must be investigated
using the same instrumental conditions (scattering geometry,
slit width, wavelength resolution, etc.).

This ratio approach permits the estimation of the aggregation
number without the necessity of parsing the extinction for the
sample into its absorption and scattering components. We have
tested this approach for cases in which a value of the aggregation
§1umber could be obtained via either method and the agreement
is excellent. For those cases where only the ratio method was
capable of producing good estimates, system-consistent values
were obtained.

3.4. Angle-Dependent Light Scattering ExperimentsThe
angular scattering measurements shown in Figure 6 can be used
to estimate the size and shape of the aggregates, since these
features of a scatterer determine the angular distribution of the
scattered light. The analysis begins with a determination of
which of three theoretical structure factors (that for a sphere, a
Gaussian coil, or a thin rod) best fit the data hen by fitting
this theoretical structure factor to the angle-dependent light
scattering data, an estimate of the size and the shape of the
scatterer can be determined. Least-squares fits for the scattering
from a sphere and Gaussian coil do not approximate the H
TPPS data at all. Shown in Figure 6 is the fit to the scattering
671N,S) data for a thin rod model, where it can be seen that the fit is
N=——F—3 fairly good and vyields a length of about O:fn. Since the

2.3,"(@) distance between porphyrin molecules is about 0.35 nm if they
are face to face, this would indicate an aggregation number of

Using this expression on the data shown in Figure 7 yields a about 20 000 assuming the monomers form a linear array. While
value forN of 320 000. Other WTPPS solutions with varying  this number and the aggregation number determined from the
concentrations of porphyrin yield average aggregation numbersextinction spectrum are both clearly estimates, they still are a
between this value and twice this value (see Table 1). Certainly yseful description of the porphyrin assembly. A model consistent
these aggregates are quite large! with all the data strongly suggests on the order of 10 000

For some of the systems we have investigated, a large monomers stacked face to face along the length of the aggregate
uncertainty is introduced into this calculation when the scattering and on the order of 20 monomers across its diameter. The
component makes a relatively minor contribution to the extinc- |engths obtained from least-squares fits to a thin rod model for
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If there areN monomers in each aggregate, thgn= Nca

and expressions for the absorption and scattering component

assuming Rayleigh scattering can be written
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No is Avogadro’s numberky, is the wavevector of light in the
solution, ando, anda; are the real and imaginary parts of the
polarizability of the aggregate. Since typical theories for the
polarizability predict that the resonant partafis zero at the
maximum ofS,, the value ofa, should be quite small at this
wavelength. Using the value af, ands, at the peak of th&,
spectrum therefore allows for the assumption tha& o; and
results in the following expression fox:

1 Ny 1
a, = _ Nkmai _

(10)

tion. In this cases, is obtained from the subtraction of two
large but similar numbers and is therefore subject to a large
degree of uncertainly. The result is that the estimaté\ a$
also quite uncertain. An alternative strategy for calculating

is to perform measurements both on the sample being investi-

gated and on a “standard” for whidd can be calculated as
described above. If the wavelength, absorption, scattering,
absorption coefficient in chromophore units, and angular factor
for the sample aréx, Ax, Sk, Sy, andry, respectively, and if

other concentrations of IPPS are given in Table 1.

Several experiments were performed to make certain that the
results were not adversely affected by the methods or equipment
used. First, the wavelength scales of the spectrophotometer and
fluorimeter were checked against each other by comparing the
absorption spectrum of a narrow band-pass filter with the
scattering spectrum of polystyrene spheres with the same filter
in front of the detector of scattered light. A difference of 1 nm
was found between the two instruments, so each fluorimeter
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spectrum was shifted by 1 nm to take this difference into is on the same order as the estimate of the diameter from the
account. Second, ideally none of the light scattered by the dynamic light scattering experiments. It should be pointed out
sample in the spectrophotometer should reach the detector, eveithat the estimate ad ~ 0.07um is very sensitive to the exact
light scattered at very small angles. To check this, a small values of the two relaxation times, and therefore should be
aperture was placed in front of both the reference and sampleconsidered a very rough estimate.
detectors to determine whether the “absorption” of a polystyrene  Since the dynamic RLS measurements actually measure a
sphere suspension would increase as less of the light scattere@lydrodynamic size, the results are very sensitive to any changes
at small angles reached the detector in the sample path. Nothat affect how the aggregates diffuse through the solvent. One
increase was observed, indicating that very little scattered light striking observation when performing such measurements on
normally reaches the detector. H4TPPS solutions is that the relaxation times have a tendency

The shift of the scattering component peak to longer to increase even when little change is observed in extinction
wavelength relative to the absorption component peak cannotand other scattering measurements. In fact, if the solution is
be explained by classical absorption and scattering theory. Thereshaken or stirred and a dynamic RLS experiment is done
have been some indications of similar behavior in pseudoiso- immediately, the measured relaxation times start out at a small
cyanine chloride and thiocarbocyanine dj&$but the presence  but reproducible value and slowly increase over a period of an
of overlapping fluorescent features makes the conclusions morehour or so. The relaxation times return to their smaller values
problematic in those systems. One possible explanation for thisif the sample is shaken or stirred once again. This finding, along
red shift (which is unequivocal for the porphyrin system) lies with other observations, indicates that the initial aggregation
with the energy level structure within the excited state band. If process is probably followed by an organization of the ag-
there are many more states near the lower edge of the band angregates into some type of extremely weak network. This should
if there is some redistribution of occupied states during the be kept in mind, since some measurements are affected by the
scattering process, then the distribution of scattered light could existence of this higher degree of organization much more than
well shift to lower energy (i.e., longer wavelength). Continued other measurements.
investigation of this effect is planned.

Clearly the aggregation number, size, and shape of the H 4. Conclusions
TPPS aggregates, suggested by these experiments, are only ) ) )
estimates. Still, they provide information about these supramo-  R€sonance light scattering measurements have great potential
lecular assemblies that is extremely useful. First, these ag-for probing supramolecular assemblies of chromophores. With
gregates are quite large. Second, although these aggregates mdfe use of this technique, however, comes a number of
have a linear structure, it does not appear that the cross-sectionaXPerimental complexities that must be sorted out before
area of these aggregates is due to a single monomer. Therefore2Ccurate quantitative information can be_ obtained. Chief among
it should be kept in mind that simple models of these aggregatesth€sé complexities are (1) to determine how much of the
are probably not entirely accurate. Adding to the complexity extinction spectrum is due to absorption and how much is (_1ue
of these systems is a good deal of evidence from our laboratory!0 Scattering, and (2) to correct the spectrum of scattered light
pointing to the fact that these aggregates also form an extremely!® account for the effects of absorption on the instrumental
weak network in solution (see the following section). results. A protocol involving specific measurements and careful

3.5. Dynamic Light Scattering MeasurementsWe have analysis is capable of achieving these results, and these have

also measured the time autocorrelation function fqfPPS been described in this article. ) )

solutions in dynamic light scattering experiments. By measuring 1 n€ results for the iTPPS system are quite revealing. Not
the relaxation time of the autocorrelation function under two ©nly do the data imply important structural information, it is
polarization conditions, it is possible to measure the transitional cléar that the average size of the aggregates depends on the

and rotational diffusion constants. Theoretical expressions for concentration of HTPPS. As is evident from Table 1, as the
these diffusion constants have been worked out for severalconcentration of porphyrin increases, the size of the aggregates
shapes. Perhaps the simplest example is the Kirkwood modeldecreases. This could point to the fact tha.t .the average size of
of a long, thin rod with lengti. and diameted. 4 By comparing the aggregates de_pends more on the _cond|t|ons durlng the early
the experimental relaxation times with the theoretical expres- Stage of aggregation (e.g., the density of aggregation nuclei)
sions,L andd can be determinetiFor the 3.71uM H4TPPS than on the equilibrium parameters of the system. Work on the
solution, the results are thit~ 0.8 «m andd ~ 0.07xm. For kinetics of aggregate formation in theFTPS system is ongoing
other concentrations of AIPPS, the scattering intensity was N OUr laboratory.
too low in one polarization condition for this analysis to be _ _
useful. Instead, the hydrodynamic radius as measured with the Acknowledgment. This work was supported by National
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