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mine translational diffusion coefficients, and the combination of static and dynarmuc light scat-
tering to determine molecular weight distributions.
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1. Introduction

1.1 Historical Introduction

The initial theory of light scantering by gaseous particles was developed i the late 150075 by
Rayleigh, and extended by Mie, Debye and others in the early 1900°s. Smoluchowsky (1005
and Einstein (1910) developed the fluctuation theory of light scanenng which accounted for the
decreased scartering by condensed phases due to destructive interference trom scattenng vy dit-
ferent molecules.” The application of light scattering to determine the sizes and shapes of poly-
mers came to maturity in the 1940°s and 50°s. inuated principally by the work ot Debve and
Zimm.“ These theories all dealt with the intensity of scantered hght, usually measured as
function of a number of scattering angles, e, "stauc” hight scattering. Dynamic hight scattening
on the other hand, is concemed with the frequency distribution of the scartered tight. This fre-
quency distribution was first investigated by Brillouin (1914 10 1920) with his discovery of the
inelastic component of the light scattered from a simple hquid. caused by scattering from ther-
mal sound waves in the fluid.! This "Rayleigh-Brillouin” scantering is characterized by a cen-
tral Rayleigh peak flanked by a symmetric Brillouin doublet” (Figure 1), where the frequency
shift of the Brillouin peaks (relative to the central Rayleigh peak) is proportional to the velocuy
of sound in the fluid. and the linewidth of the Brillouin peak 1s related to the anenuanon of
sound in the liquid. Frequency shifts for the Brillouin pc;llv;4 are on the order of 0.01 wavenum-
bers. Raman spectroscopy, on the other hand. which measures the frequency shifts of the scat-
tered light caused by vibrational motions of the scattering particles. exhibits much larger shifts.

typically in the range 4000 400 cm’'. The linewidth of the central Rayleigh peak. which 1
less than 1 MHz (10 cm’ L), is much smaller than either the Raman or the Brillouin shifts. Be-

cause the frequencies for the three regimes (Rayleigh line-broadening. Brillouin shifts and
linewidths, and Raman shifts) represent such a large energy gap. different detection schemes
are needed for each technique. Rayleigh linewidths are generally measured with a digntal
correlator, using photon counting. Both the frequency shift and the linewidth of the Brillouin
peak are determined with a Fabry-Perot interferometer. and the determination of Raman fre-
quency shifts is usually accomplished via a grating monochromator.

- r~1 MHZ L ~ 1 GHZ
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Figure 1. Rayleigh-Brillouin frequency distribution of a fluid

Brillouin spectroscopy does not generally have much application in polymer solution charac-
tenization, since the breadth of the Brillouin peaks is very narrow in polymer solutions. Its use
in polymer analysis is generally limited to light scattering of bulk polymers (in the melty. The
central Rayleigh peak however is broadened by the Brownian motions of polamer molecules in




solution, and contains dvnamical wnformation about the polvimer soluvon The obecinve of
DLS is to extract information on the tronslationat (o0 rotationaly monons of the scatterning me
dium from the hinewidth of the Rayleigh scartered hignt .

1.2 Light Scattering Theory

When an oscillating electromagnetic field (such as tn a beam of hghty approaches a non-
absorbing, nonionizing material, an oscillating dipole of the same frequency as the nearby elec-
tric field is tnauced in the material. This acceleraiing dipole then radiates energy of the same
frequency in all directions. This 1s the basis for the phenomenon of nght scatiening

Figure 2 shows a schematic view of a typical hght scattering spcctrmnczcr:’ tdynumic or static
Venically polarized laser light of incident frequency A passes through vanous focusing opucs
and impinges on a small scattering center in a sample cell. The scattered Light at an angie 6
(with respect to the exiting beam of the laser) passes through two pinholes to detine the coher-
ence area, and is collected via a photomultiplier tube (PMT). The photon pulses are amphlified
and discriminated and then fed to the digital correlator for analysis. The sample cell 1s gener-
ally surrounded by a vat filled with a liquid whose refractive index cioselvy matches that of the
sample cell (¢.¢., toluene) to limit laser flare at the cell/air interfaces.

Scattening of electromagnetic radiation in a nonconducting. nonmagnetic. nonabsorbing me-
dium occurs as a result of local fluctuations in the dielectric constant (€) of the medium. The
dielectric constant is a vector quantity, and as such, consists of a magnitude and a directional
component. A change in either component constitutes a change in the dielectric constant. In a
pure liquid, the magnitude of the dielectric constant is the same for all molecules. but the durec-
tions of the dielectric constants keep changing due to the Brownian motions of the molecules.
Thus, scattering in a pure liquid occurs as a result of the translational motion of the molecules.
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Figure 2. Diagram of light scattering apparatus

1.2.1 Dynamic Light Scattering (DLS)

1.2.1.1 Fluctuations and Autocorrelation Functions

Figure 3 shows an expanded view of a time-dependent signal A(t), similar to what the scattered
light intensity from a light scattering experiment might look like: The apparent randomness of




the signal 1s due to the constant monions of the particles i the scattering region Over 4 long
enough time period, an average value 1s obtamned, but in the nucroscopic view . there appear to
be random fluctuations in intensity. In this figure, the time axis has been broken up into small
sections, At (small compared to the period of the fluctuations), and the average value of A,
<A>, is equal to zero (for sumplicity). In general, the values of the signal A ar two differem
times, A, and A.__ are different, but if the time increment (A1) 1s small enough. then two adjoin-
ing sections of the signal, A, and A _,. will have values close to each other. Another way of
expressing this is 1o say that A, and'A.__ are “correlated” over a small time penod. but that the
correlation 1s lost as t appmacl"'ses and’exceeds the nme scale of the fluctuations. The length of
1ime over which the signal 1s correlated s inherent in the data. The autocorrelanon function ot
a signal. A(t), 1s expressed mathemarically by

City = (ADA(T)Y = T{ﬁ"m %jﬂAmAu + Ty de, il

where dt is approximately equivalent to the discrete mterval At described previousiy. This
autocorrelation definition 1s the description of one poimt (T} on the autocorrelation function - it
is the sum of a series of multiplications. The entire autocorrelation function 18 constructed by
computing <A(O)A(1)>, for T ranging from 0 to a point at which the signal v no Jonger
correlated.

- A(t)
A

Y

1

Peessnuad

Figure 3. Time-dependent property "A(t)"

Some of the points in Figure 3 are positive. and some are negative: thus the various products
computed w1 Equation 1 will be positive as well as negative (e.g.. A; X Aqis negative. but A x
A,, and Ag x Ag are positive). The furst point of the autocorrelation function is <A(MAD)>.
where T in Equation 1 is replaced by (. This point is actually the sum of the square of every
point along the curve. Since the square of a number s always positive, the first point ot the
correlation function, <A(0)A(0)>, will be the largest value in the correlation function, because
it will not contain any negative components.

The point <A(0)A(1)> can be calculated by shifting the A(t) curve one unit (1 At) to the nght,
and computing the sum of the products of where the two curves overlap. The curves are nearly
superimposed, 50 the value A(0)A(1) will be only slightly less than A(DA(0), since there are
only a few negative producfs. Eventually, as T gets large, there is very little overlap between
the two curves, and7an averaging process takes place, and the correlation function would ap-
proach zero (or <A>", if <A> #0).




The actual correlation function that would be computed from this hypotheticad siegnal Acowill
look essentially like an exponential decay curve (Figure 3 shows an autocorrelation function
from a light scattering experiment.)  If the correlation function can be described as 2 sinnle
exponential decay, (1.e.,only one physical process is causing the fluctuations), Equanon 1 could
be simplified to

A0A@) = (A)exp 3t (2

where 1_ is the charactenstic decay tme associated with whatever phenomenon is causing the
fluctuations in the signal Att). If the particles diffusing in the medium were afl of the <ume
size, they would have the same diffusion coefficient, and a single decay time. 7. (refated to the
diffusion cosfficient of the molecules) could be extracted from the curve. However, since muc-
romolecules always have some degree of polvdispersity, there will be more than one ditffusion
coefficient contributing to the autocorrelation function, and the curve actually consists of
superposition of many exponential decay curves.
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Figure 4. Autocorrelation tunction of scattered light intensity

Since Equation 2 is a function of time. the Fourier transform of this equation should produce an
equation in the frequency domain, termed the spectral density. or power spectrum. This is the
spectrum of the hight scattered by the molecules in solution, as shown in Figure 1. and the
linewidth (I" = 2n/t ). can be extracted from the experimentally determined t_.. As in the corre-
‘lation function, this Lawrencian curve is actually a superposition of many Lawrencian curves
with different linewidths,, all centered at the incident frequency. The extraction of multiple
linewidth from an experimental correlation function will be discussed in Section [.3.1.

1.2.1.2 Ditfusion Coefficients from Autocorrelation Functions

The scattered light intensity, I(t), from a solution of macromolecules impinges on a
photomuitiplier tube which in turmn outputs a current, i(t), proportional to [,(). Electromagnetic
_theory tells us that the light intensity is equivalent to the square of the electric field: thus it fol-
lows that Is(t) = ES‘(t)) o< i(t). The ourput of the PMT is fed into a correlator which computes




the intensity autocorrelation tunction,

5

(VD) = B{IEj0) " Edryi”) (i)

where B is a proportionality constant. Equation 3 is a fourth degree correlanion funcuon. which
is difficult to analyze. In the case of dilute polymer solutions, however. E_follows u Gaussian
d1smbunon and the correlation function can be simplified to the sum of two correlation func-
tions,! the first of which is a constant term. <E JOE, (O)> (the baseline of the correlanon func-
tion) and the second term which is a snmpler second degree correlation  function.
<E (O)E (t)> the electric field autocorrelation function.

Incident light which impinges on a molecule with a polarizability tensor o induces 4 tluctuann
dipole moment. The scartered electric field at the detector 1s proportional 1o « st gt
where o (0) is the componem of the polanzability along the ininal and final polanzdunon dm:u
tions, and the e’ factor varies when the molecule translates, where rt) specifies the mole-
cule’s position at time t. The wave vector, q. is equal to (4nn/A)sin(8/2). where n 1s the refrac-
tive index of the medium, A is the wavelength of the incident radiation, and 8 15 the scanering
angle. Thus the electric field autocorrelation function, <E_ tO)E “(1)>. is related to the molecu-
lar polarizability.

.4,»-

When the product of the wave vector and the radius of the scartering particle is less than umiry
(gR << 1), the time correlation functions are sensitive to fluctuations occurring on a time-scale
associated with center-of-mass diffusion.® When q ts increased (by decreasing the wavelength
or increasing the angle) and qR exceeds 1, then internal mortions ‘rotations) of the polvmer
molecules become important. This is an intermediate q range, and the interpretation of DLS
data as due strictly to center-of-mass diffusion can be erroneous. Since the wavelength of Light
cannot be readily changed. DLS measurements of large particles must be made at low angles to
exclude any rotational contributions to the correlation function. Finally, when g gets very large
such that ga is on the order of 1. where a is the size of polymer repeat unit. then the time corre-
lation functions are probing motions of the monomers. This requires wavelengths on the order
of a few Angstroms, the frequency of neutron radiation, and thus not accessible through hight
scattering with visible radiation.

If one can assume that the experimentally mcasured time-correlation function is caused by
center-of-mass diffusion, then the diffusion coefficient of the polymer molecule can be simply
related to the linewidth via I' = Dpq~. The diffusion constant thus determined can be related to
the size of the diffusing particle through the Stokes-Einstein equation.
kBT
Dr = &R, (4}

where kB is the Boltzmann constant, T is the temperature, 1 is the viscosity of the medium the
particle 1s diffusing in, and R, is the hydrodynamic radius of the particle. For spherical parti-
cles (e.g. latex spheres) DLS can be used to measure actual particie sizes. however. for dilute
polymer solutions, this is really an "equivalent” hydrodynamic iadius, with no physical
significance.




1.2.1.3 Molecular Weight Distributions from Diffusion Coefficients

Since the time correlation funcuon measured from a DLS expenment contans infonnation on
many different linewidths (due to the polydispersity of the polymer sample). abstrachion of o
distribution of linewidths representanive of the different polymer molecules in the sample
should be possible. This distribution of linewidths, G(T7), can be transformed to o distribution
of diffusion coefficients, G(D), which then can be transformed to a distnibution of moleculu
weights, f(M).

The area under the distribution curve G(I') 1s proportional 1o the time-averaged. total intenain
of light scattered at an angle 6 (determined from a static light scartering expenment:,

x

o)y = [ Gurdr - 05

This time-averaged intensity can also be expressed in terms of the molecular weight compo-
nents of the pclymer species by the following equation’ from classical light scattening analvsis,

<[(9)> = K ZA[{C,‘P{G.A{H. ify)

where K' contains a collection of optical constants. C. is the concentration tmassivolume s of 4
polymer molecule of molecular weight M. and P(G,Mi; is the particle scatteriny tucror which
differert for different shaped molecules (i.e.. rigid rods, random coils. etc.).

If C, can be equated to fIMPAM/V, where f(M,) represents a molecular weight distribution
curve, AM. is a small increment along the curve and V is a unit volume, then the distribution of
linewidths can be related to the distribution of molecular weights via

GI)AT; = fiM) M, P6.M,) AM, . )

This transformation from gamma-space to molecular weight-space takes place by equanting
small areas under the G(I") curve. AT, with area under the f(M) curve, AM. The diffusion coef-
ficient has a concentration dependence which can be expressed as

DIC) = Dyl + kpC) o)

where kD is the second virial coefficient for diffusion. D, can be estumated by extrapolating
measured diffusion coefficients at various concentrations to infinite dilution. The diffusion co-
efficients should also be measured at several angles. particularly for high MW polvmers<. and
extrapolated to zero-angle to exclude any rotational contributions at higher angles. The infite
dilution diffusion coefficient can then be related to a molecular weight via

~b

where the pre-exponential factor, k. depends on the polymer/solvent system. and must be de-
termined experimentally. The exponent b is equal to 0.5 for random coils at the theta condition
and has been verified experimentally. For polymers in good solvents b is expected to be closer
to 0.6, although experimentally reported values vary from (.55 10 0.68.7




If kpy. Ky and b are known (or estimated) then molecular weights can be caleulated from expern-
mentally determined linewidths via the tollowing equanion

k, 'fl+k ,C)
M= (2Tt 10

where the values of M can be substituted into Equation 7 for the M, values und the AM mcre-
ments can be calculated by determuning the values of M at the endpoints of the Al increments

Each M. in Equation 7 must have a corresponding R which is used to determine P(8. M, ). and
soa radius of gyration is computed for each moleculdr w eight simifarly to Equation 9.

i

Rg = krM® . Y

Like b, the exponent b" 1s expected to be around 0.6 for rando:.1 coils 1n a good solvent, but not
necessarily equivalent to the dynamic exponent b. The pre-exponential Ky~ depends on the par-
ticular chemical system. For random coil molecules. the particle scattering factor usually takes
the form

PX.M) = 7 [e=X — 1 + X| (12

2e 2 . . . . . :
where X = q"R_". and R 1s the radius of gyration computed from Equation 11 By combming
the results of stitic and dynamic light scattering measurements with estimates of Kep. Ko boand
b’, an iterative process can be used to determine an effective molecular weight distribution.

As can be seen from the preceding discussion, much information about the polymer-solvem
system must be known in order to determine a molecular weight distribution in this manner.
Additionally, most of the equations apply strictly to monodisperse species. and any breadth to
the molecular weight distribution adds complications. For these reasons. this method of deter-
mining a molecular weight distribution is not of general utility but in certain instances. may be
appropriate. '

Size exclusion chromatography (SEC) is an experimentally simpler method of determining mo-
lecular weight distributions, but has several limitations. SEC requires the use of polymer stan-
dards to determine actual molecular weight values. and well-charactenized standards are only
available for very common polymers. Light scattering, however, is an absolute techmque and
requires no standards. Additionally, certain polvmers may only be soluble in solvents which
are incompatible with the chromatography columns, or at temperatures not accessible by ordi-
nary SEC instrumentation. For example. aromatic polyamides such as Kevlar, and polviani
ether ketones) are generally soluble only in strong acids. Corrosive solvents are not a problem
for light scattering which 1s usually measured in a glass or quartz cell.

1.2.2 Static Light Scattering (SLS)

Classical electromagnetic theory and solution thermodynarnics9 show that the intensity o1 light
scattered (from a polarized light source of wavelength A) by small (compared to &), isotropic
scatterers at an angle 8 can be represented by

‘;f = Ml‘ + 2Asc + AT+ L (13




The Rayleigh rano, Ry, contains the pertinent measured quanuties. and o eyqual 1o iﬁx“ I, where
lg s the measured scattered hght mtensuy. | the incident intensiny . and © s the concentration
E?thc: solution (mass/v ulum:! Other par.unctus are grouped into the optical constunt K.
fined as 4n n-tdn/de )1 ALAY), where n 1s the refractive index of the medm, dnvde (the retrac
tive mndex increment) 1s the change in refracuve index of the solution with Concentranon, and L
1s Avogadro’s number. (In pracuce, the scamering distance r and the ncident aensiry | are
not measured. Instead. a solvent for which this Raviewgh rauo has been previously detenmimed
[toluene or benzene, nyprcally] iy used as a calibranon hiquid I scattere ! intensity 15 mea-
sured. and the known value ot ws Ravieigh ratio s used 1o calculate the vadues of 1 and 1“ for
the current svstem.

Equartion 13 shows the concentranon dependence of the scattered hight intensity ot 4 polynier
solution. For large (r > 1/20 A) molecules, there 15 also an angulur dependence of the scattered
intensity due to the size of the molecule. Small scatterers have a svmunetnc scatiening pattem
about 8 = 90%. because they look like a point to the ncident radiation. Large particles. how.
ever, will scatter radiation from different portions of thewr molecule. and thus there will be de-
structive interference at the detector due to the phase differences of hight amving ar the detector
which has scattered tfrom two different points on the same molecule. The scattered hght inten-
sitv will be highest at large angles. because the difference i path length s larger. and this
assymmetry about 90 used to extract size information

The angular dependence of the scattered light intensuty takes the following form - the elhipys
indicates that higher order terms «n R *5in"(6/2) are present.

Ke a2, 2 .8
R;- = d—:‘l + %TRS 5:;;:!’5.) R | ey

For high molecular weight polymers with large radii, the curvature in Equation 14 can be g
nificant. and thus the inttial slope must be used to obtain accurate values of M _and R~ Equa-
tions 13 and 14 can be combined and the molecular weight. second vinal coetficient. and the
radius of gyration can be obtained from a single plot. to be described in section ' 32 The mo-
lecular weight determined is absolute (1.e.. independent of the solvent usedi. and 1s the weight-
average value, as opposed to the number-average M determined from colhigative property
measurements. The second virial coefficient is a measure of the thermodynamic interaction ot
the solute and solvent (the thurd vinal coetficient is usually small and not important unless the
solution concentration is high). The radius of gvranion determined from light scattening mea
surements, defined as the root mean square distance of the segments of the molecule from s
center of mass, is a z-average value. The size of the molecule and the second vinal coefficient
are not absolute values. but depend on the solvent used. A, 1y posttive for a thermodvnamically
good solvent (polymer-solvent affimity 1s greater than pnlfmer-p(ﬂymcr affiniyo, a1 vanes n
magnitude for different solvent qualities. 1s negative for a poor solvent, and zero tequal affini-
ties) at the theta condiion. Accordingly. the radws of gyration is largest in a good solvent,
smallest in a poor solvent, and an intermediate value in a theta solvent.




1.3 Data Analysis

1.3.1 Dynamic Light Scattering

In dynamic light scattering experuments, there are two autocorrelation funcrions of nterest. the
intensity autocorrelation function g (1), which is the function actuall y vompuied by the
correlator (Equation 3), and the electric field autocorrelation function. ¢ ' (1), which . reluted to
the molecular parameters. described in secuon 1.2.1.2. These two correlation tunctions are re-
lated through the Siegert relation,

S
-

gy = L+ g gl - {

where the baseline of the expenimental correlation function (A has been subtracted  The con-
stant B. 0 < B < 1. is usually determined as a parameter during the fitnng of the data. The elec-
tric field correlation function. g'"(1). is assumed to be in the form of a sum of single-
exponentials,

x

g“’(r):[ GNe It dr ey

where the I''s represent the different linewidths due to the different molecular weight species
]

and G(I') represents their distribution function. As mentioned in sections 1.2.1 2, 1n the ah-
sence of intemal motions, the diffusion coefficient is related to the linewidth via

I =D,q" (17

The goal of any light scattering data analysis routine, therefore. is to inven Equaton 16 1o ob-
tain G(I'). There are many mathematical methods available for this transformarion - a few
methods'® which are available on the Brookhaven instrument will be reviewed briefly. All of
the methods described here are least-squares fits, in which the objective function to be mini-
mized is,

N n

¥ = Z [ymATY = y* AT N EY

I=1
where y_(IAT) is the measured correlation function (with the baseline A subtracted) and
y*(IAt) is the model correlation function proposed by the particular method of data analvsis.
The index I runs over all the data points in the correlation function (in the Brookhaven
correlator, there are 128 data channels). Equation 18 1s minimized with respect to a number of
parameters a; (G =1.2,... . M), which vary for the different methods of data analvsis.

1.3.1.1 Method of Cumulants

The method of cumulants!! is the simplest way to analyze DLS data. but also yields the least

amount of information. Only the average linewidth and its variance can be obtained (the first
and second cumulants) with any degree of accuracy. (Sometimes the 3rd cumulant is also re-
ported.) The cumulants are defined in terms of moments about the mean linewidth. where the




m‘h moment is defined as

xR

Uy = [ G- T "dr 1Y)

and the resulting computed correlation function is
. o 12 = Ly, 42 . ,
y * () = (AP exp(-l"r +ow UNTT 4 ‘ ) (20

where the ellipsis indicates that higher cumulants may be included. The parameters used 1o
minimize Equation 18 are the cumulants (I”, p5, etc.) and the factor AR

1.3.1.2 Exponential Sampling

Another common data analysis routine used in DLS is the Exponential Sampling Techmgue.
also called the LaPlace Transform Inversion.!” which is based on the eigenfunctions y o' I and
eigenvalues A o Of the LaPlace transform of G(I'),

oo
/ YolDexp(—Ivdl = Ay (1) (21
0

where analytical expressions for A ® and L [ are -given in Reference 12.

The distribution function G(I') is then expanded into its complete set of eigenfunctions via

G = / a, Yol do (22

By substitution of Equation 22 into Equation 16 and using the relationship in Equation 21, the
correlation function can be written as

x
g(“(t)=/ Ay Ay YolT) dw . (23)
o©

As o gets very large (0 > @), the eigenvalues approach zero. and their contribution to the
correlation function cannot be distinguished from experimental error, thus the distribution of
linewidths is band-limited by changing the limits in Equation 22 from tee to 2o .. After a
series of mathematical manipulations, G(I") may be represented as a series of exponentially
spaced samples in I'-space, with amplitudes a_. The amplitudes are used to minimize Equation

20, with the proposed correlation function given by
M

y * Udr) = Zam exp{—1,, IAT) (241

ereater than about 3.

The best fits to the data are usually obtained with ¢

1.3.1.3 Non-negatively Constrained Least Squares

This data analysis routine is an adaptation of the previous method. developed for multimodal
linewidth distributions. Equation 24 is used. and each a__ is constrained to be non-negative. In

this method, the smallest and the largest linewidths (I, and [_ ) are predefined to be

10




functions of the experimental sample tme and the average hnewidth deternuned trom the slope
of the logarithm of the measured data, y (IAT). In the Brookhaven version of this data routine,
the user is given the option of ovemiding the default I and I values.

1.3.1.4 Double Exponential

This rix}‘cthod forces the correlation function to be composed of two discreet exponential func-
tions, ~ as shown in the following equation.

gy = A exp(=T 1) + A, exp(=T51). (0,

This is a dangerous method for analyzing correlation functions unless the user s certun of the
bimodal character of the data, because any noise 1n the data could be mterpreted as another spe-
cies. This type of data analysis 1s primanly used in DLS of entangled systems, where a fast
cooperative diffusion mode of a network, and a slower self-diffusion mode of a smalfler umt 1
present.l

1.3.2 Static Light Scattering

For dilute solutions. the measured scattered light intensity from a given dluminated area (the
scattering volume) is the superposition of the scattered light intensities from all elements within
that regton. Thus, the scattered light measured from a solution of polvmer molecules consists
of the light scattered by the small solvent molecules plus the scattering from the large poly-
meric species. If the scattering of the pure solvent is measured separately. 1t can be subtracted
from the solution scattering and the scarering due to the polymer molecules alone can be iso-
lated. The resulting excess scattered intensities are convernted to Rayleigh ratios. as described in
section 1.2.2. The dara is usually analyzed via a Zimm Plot in which the (KC/Ry) values are
plotted on the y-axis versus (sin"(8/2) + kc¢) on the x-axis, where k is an arbitrary constant used
to spread out the points on the plot The set of points corresponding to the same concentration
(different scattering angles) should form a straight line parallel to the other concentrations. An-
other set of parallel lines (usually with smaller slopes) can be drawn by connecting the points
corresponding to a given scattering angle at different solution concentrations. These two sets of
parallel lines form a grid-like structure (see Figure 5).

The constant concentration lines can be extrapolated to a “zero-angle” point (with an x-
coordinate equal to kc). Likewise, the constant angle lines can be extrapolated to a “"zero-
concentration” point (with an x-coordinate equal to (sin*(8/2)). Each of the extrapolated "zero-
angle” points can be extrapolated to zero-concentration (x valve equal to 0): similarly the ex-
trapolated "zero-concentration” points can be cxtrapolated to zero angle (x value equal to O,
and these two doubly extrapolated lines should intersect at the same point on the y-axis. the re-
ciprocal of the molecular weight. The second virial coefficient is obtained from the initial slope
of the zero-angle line (see Equation 13) and the radius of gyration is abstracted from the inital
slope of the zero-concentration line (Equation 14). The initia! slopes of both of these lines must
be used, as higher order terms become significant as concentration and angle increase. The cur-
vature of the zero-angle line should be negligible. unless the solutions are too concentrated. but
the curvature of the zero-concentration line can be significant, particularly for large polymeric
species. A vanat:on of the Zimm Plot usgd for analyzing high molecular weight samples. was
proposed by Berry, is to plot (KC/R9 12 values on the ordinate vs. the same abscissa values.

1!




The intercept then yields the reciprocal ot (Mw;"‘, and the equanons tor determumng A4 wid
Rg are shightly different.

The larger the difference in scattered intensity berween the solvent und solunon, the greater the
precision of the parameters determined from the light scartering experiment. The increase in
scattering intensity of the polymer solution over that of the pure solvent (at constant measuring
angle) depends on four factors: (1) the polymer molecular weight, (2) the concentration of the
polymer solution, (3) the difference in the refractive index between the solvent and the polymer
solution, and (4) the wavelength of the laser. The polymer molecular weight 1s obviously fixed,
but the other parameters can be adjusted to increase the scattering intensity for a poor scatterer.
Increasing the solution concentration (being careful to remain in the dilute solution regime,
changing the solvent to one with a larger dn/dc value for the particular polvmer. and decreasing
the wavelength of the laser, all increase the scattering intensity.

2. Experimental

2.1 Sample Preparation

Table 1. Polymer samples specifications

Mwx10° | Mw/Mn Composition ,
N170K  [0.168 1.04 100% PL #20137-2
N770K | 0.765 1.04 100% PL #20140-9
0.990 1.04 100% PL #20141-5 i
1.53 1.06 100% PL #20142-5
N2M 2.14 1.06 100% PL #20143-2
2.28 1.05 100% PL #20143.7
N3M 291 1.04 100% PL #20145-9
4.06 1.06 100% PL #20146-6
9.35 1.20 100% PL #20148-3
BRZIM  [1.85%* [.2% 47% PL #20142-5, 53% PL #20143-2
BR3M  [3.17** 1.2* 56% PL #20143-7 44% PL #20146-6
BISS0K | 0.839%* 2.0% 66% PL #20137-2, 34% PL #20143-2
BI4M  [4.08%* 2.0% 63% PL #20141-5, 37% PL#20148-3
*Estimated values of M w andM W/Mn
}

Polystyrenes (PS) with three types of molecular weight distributions (narrow. broad. and
bimodal) were investigated to demonstrate the capabilities of dynamic and static light




scattering.  Several commercial PS standards from Polvmer Laboratones were used mdinvadu-
ally, and in various combmations and thei properes are listed w Table 1 Four standurds
(N170K. N770K. N2M, and N3M) were used as s for the narrow MW distrubuion samples
Two broad distributions (BR2M and BR3M) and two bimodal distnbutons (BISSOK und
BI4M) were simulated by mixing PS standards with stmidar and dissuniar molecular weights,
respectively.

Stock solutions of concentration approximately 1.0 mg/mL of polystyrenes were prepared with
toluene (EM Science, spectroscopic grade). and allowed to dissolve at room temperature. with
slight agitation. for at least 24 hours. These stock solutions were diluted to three or four con-
centrations of 0.1 - 0.5 mg/mL for static light scattering experuments, except for the lowest mo-
lecular weight sampies tn which the highest concentrations were about 1.0 mgimil. Concemra-
uons used in dynamic light scattering were shightly higher - about 0.5 to 1.0 mg/mlL.

2.2 Instrumentation

All light scantering measurements were made on a Brookhaven Instruments BI2ZOOSM goniome-
ter and BI2030AT 128 channel correlator using a Melles Griot S mW hehium-neon laser (633
nm) as the light source. The refractive index increment (dn/dc) of PS in toluene was not mea-
sured, but a literature value!” of 0.107 mL/o was used Toluene was also used as the cahbranon
liquid. with a Rayleigh ratio'8 of 1.41 x 107 ecm™!. Solvent and polymer solutions were filtered
through 0.2y and 0.45u PTFE filters, respccnvelv The temperature of the light scattering el
was maintained at 25.0 £ 0.1 C for all measurements.

3. Results and Discussion

3.1 Static Light Scattering

Staric light scattering measurements were made at angles 30°, 37.5%, 45°, 60°. 75°. 90°. 105°.
120°, 135°, 142.5°, and 150° on the eight polymer solutions described in the previous section.
The static LS parameters are listed in Table 2 along with the data analysis method used.

Figure 5 shows typical Zimm and Berry plots obtained for different polystyrene samples. The
lower molecular weight samples showed a linear concentration dependence and thus were best
analyzed through a classical Zimm plot a gproach however, a curvature to the fixed concentra-
tion data was observed for M > 1.0 x 107, and thus a Berry plot gave a better fit to the data.




Table 2. Static light scattering parameters
"b . 1 »
107 x M, Rg, nm 107 xA, Type of Piot
g/ mol mi mo;fg")
N170K 0.178 15.G*= - 497 +Zumm
0.168 -- 447 Debye
N770K 0.731 366 L 4.00 Zinm
BI8S0OK 0.729 34 - 0.537 Zumm
BR2ZM 1.94 70.7 [ 2582 ‘Berry
N2M 2.21 74.7 244 ‘Berry
BR3M 3.01 91.6 2.14 i Berry
N3M 3.07 89.8 2.24 i Berry
BI4M 3.49 129.8 1.83 i Berry
*Zimm Plot: linear fit to concentration and angular dara;
Debye Plot: linear fit to 90° data only;
Berry Plot: second degree fit 10 concentration, linear fit to angular data..
**Less than the theoretical lower limit of detection of R_ = A /20 = 32 nm.

KC/Rg x 10° (KC/Rg)"? x 10°
2.6 | -
22 | 1.2 _
1.8 08 |
14 [ 0.4
1.0 0.0
0.0 08 _16 24 32 40 00 06 12 18 24 30

sin2(6/2) + 4000 ¢ sin2(8/2) + 3000 ¢

Zimm Plot (left) for N770K (conc. = 0.2505. 0.5010, and 0.7515 mg/mL). and Berry
Plot (right) for N3M (conc. = 0.1007, 0.2014, 0.3021. and 0.5035 mg/mL).

Figure 5. Typical Zimm and Berry Plots

. The R, and A, values for the unimodal PS samples were linear with molecular weight in log-
log plots as can be seen from Figure 6. The relationships derived from these log-log plots are
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expressed mathematically by the following equations:

Rg=9.63x107°M, %% and 4, = 178107 "M, " (20

The pre-exponent in the R expression is consistent with values in the literature =% (0 106 x
103 10 1.57 x 10°%) for PSﬁoluene solutions, although there seem to be two sets of values Clus-
tered around 1.0 x 10> and 1.5 x 10>, The same references report a range of exponent values
from 0.623 to 0.579, which is consistent with the result reported here and the expected theoren-
cal value of 0.6 (section 1.2.1.3), but again the values seem to cluster around two values of 0 5§
and 0.61.

3.00
log Rg 1% .___,,-——-"—’”"
-1.00
'og Az -3.00 - - - -~ m- - . N -
-8.00
5.00 550 6.00 650 7.00
log Mw

log o R, (circles) and log,, A, (squares) as a function of log,, M, . for samples
N170K, N770K, N2M, and N3M.

Figure 6. Plotoflog R_and log A2 versus log M W

g

The A, relationship reported here is also in agreement with others in which the pre-
exponential factor ranges from 0.0158 to 0.0281, and the corresponding exponents from -0.286
to -0.329. There were two reported relanqr;shxps 1921 with significantly smaller pre-exponential
factor and exponents: A, = 0.00636 M 0233, ;and A, = 0.00436 M0203 Bom report measure-

ments made at 20°C, which would correspond to smatler A, values.™ but one of the other ref-
erences>? which was in agreement with the present work was also at 20°C. so there doesn't ap-
pear to be a clear correlation with temperature. The latter two expresslons come closer to the
theoretical exponent of 0.2, predicted by the two-parameter theory.” =6

20.22.23

3.2 Dynaamic Light Scattering

Dynamic light scattering measurements were made on all samples except N170K. (For the la-
ser employed in this study, the scattered light intensity from a low MW sample such as N170K
is too low to obtain a good correlation function.) A typical correlation function for sample
BR3M is shown in Figure 4. The DLS data were obtained for two purposes: (1) to extract
infinite dilution values of the diffusion coefficients (D) for unimodal samples so that kT and b
values from Equation 9 could be evaluated, which are needed for molecular weight distribution
transformation, and (2) to see if the particle size distrubution (PSD) data analysis routines from
Brookhaven Instruments (BIC) could differentiate between unimodal narrow, unimodal broad.
and bimodal distrubutions.




3.2.1 Diffusion Coefficients

Autocorrelation functions measured at a given scattering angle and solution concentration vield
an average linewidth, I, which can be converted to a diffusion coefficient via Equation 17 For
monodisperse systems. this extrapolated diffusion coefficient should be independent of the scat-
tering angle, through the q~ correction. This angular independence was verified experimentally
for sample N3M. and thus diffusion coefficients were measured at one or two angles. und the
values averaged. The diffusion coefficients were also measured as a funcuion of concentration
for samples BRZM and N3M., and values of kp, (Equation 8) were determined to be 227 and 294
mL/g. respectively. The kpy values determined in this study are consistent with literature values
for PS/Toluene solutions. as shown in Figure 7. There doesn’t seem to be anv theoretcal basis
3.0 —

- i

~
251 '.*
2.0 -

log kD 1.5 Ve

1.0 W 3
054 ~

0.0

4.0 4.5 5.0 .5 6.0 6.5 7.0

log Mw

Plot of 1°g10 kD vS. log10 M__ for this work @ ' Ref. 20 i Ref. 21 A )
Ref. 23 (‘ ); and Ref. 27 (¢ ). Dotted line is th.. best fit to all data.

Figure 7. Plot of log kD versus log M W

for plotting the log of molecular weight versus the log of kp,: however. a reasonable correlation
is obtained which allows extrapolation of kp, values for samples in which a concentration de-
pendence was not measured.

Values of the infinite dilution diffusion coefficient (D,), the ky, value used to convert Di(c}) to
D,. the hydronamic radius (R, ) determined from D, via Equation 4, and p = Rg/R,, are pre-
sented in Table 3.

The diffusion coefficients for the unimodal (narrow and broad) MWD polymers were deter-
mined from a single exponential fit to the autocorrelation function, which yielded an average I',
which was then converted to D via D=I'q". The diffusion coefficients were converted to infi-
nite dilution values using either a measured kpy value or a value extrapolated from Figure 7.
based on the M determined from static light scattering.

The analysis of the bimodal samples was more indirect, because they were analyzed using the
double exponential fitting procedure, which yields particle diameters, not linewidths. Two di-
ameters were obtained from the data analysis, and were converted to diffusion coefficients via
the Stokes-Einstein equation. The two diffusion coefficients for each bimodal sample were
converted to D o values using a single kp value (from Figure 7, based on the M, determined
from static light scattering) and the total solution concentration. Using average M,, and kp
values for a bimodal system is a rough approximation, however an alternate approach is to use
kp values appropriate for each component. coupled with the concentration of that component.
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This analvsis vielded simular results. Probably the most realistic approach would be to cadeulare
an effective concentration of cach component (which is less than the overall concentranion. bur
more than the indivudual concentration), to be used with the Kpy value assocuated with the par-
ticular molecular weight involved. Needless to say. the D,, and the Ry values obtamned for the
bimodal samples are very approximate, but are included for compmsun

Table 3. Dynamic light scattering parameters

7 k ' p

1 ’ y : R

0 . D: >4 | R.om  (=R_R)
cm®sec | cm'g. ‘ Z 9
N770K 1.663 105* 239 1531
BR2M 0.9155 227 (251%) 4335 1.631
NZM 0.8698 282* 45.63 it 1.637
BR3M 0.7104 294** (372*) ! 55.87 1.640
N3M 0.7094 294 (378*), 5594 1.605
BI850K 2.874 105* 13.6 1173
0.7568 51,50 1373
BI4M 1.766 424* 22.1 1.987
0.3371 115.6 1.582
*estimated via Figure 7
**measured for sample N3M

The D values from the narrow and the broad distributions are plotted against molecular weight
in a log-log plot in Figure 8. The two broad distribution samples appear to follow the linear
relationship of the narrow distribution polymers. The R, values from Table 3 can be plotted
similarly with molecular weight (not shown here). although since the radii are calculated di-
rectly from the diffusion coefficients, the darta is not really independent. The dynamic relation-
ships derived from these plots are

D, =3.18x107*M 7098 and R, = 7.68 x 107" M*™%. (27)

The pre-exponential factor for the diffusion relationship reported here is a bit smaller than mast
of the literature va.luesig’ 12728 which range from 3.4 - 3.7 x 107, although one value™" is
even smaller at 2.29 x 10°*. The absolute value of the exponent in this diffusion relationship 1s
also smaller than those reported for the same references (0.577 - 0.587). with the same excep-
tion that Seery et al?? reported an even lower value of 0.533.
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2 - M : N 3 N
Two papers” report Ry, relationships with larger pre-exponential tactors ¢ 0131 and 0.0103,
and smaller exponents (0.560 and 0.377, respectively ). The two etfects counteract cach ather
somewhat, so overall, the data may not be that different.
-6.70

+6.90 -
!
og D o

«7.10 ~

-7.30 - ‘ :
5.80 6.00 6.20 6.40 6.60

log MW

Plot of log,, D versus log,, M for samples N770K, N2M. N3M,
BR2M, and BR3M.

Figure 8. PlotoflogD o Versus log Mw

The p data in Table 3 are re2sonably constant (average p = 1.603) except for the bimodal sam-
ples, in which both R | aud Ry are very approximate. (The R _ values for the bimodal samples
were determined from Ecuatior. 26, using either a M determmcd from static light scanering,
or the manufacturer s M) This value of 1.603 is in good agreement with the literature : Park
et al>? report a value of 1.59. while 1.6 and 1.5 can be deduced from the data of Appelt and
Meyerhoff and Varma, > respectively. The theory regarding whether p should be a constant
value for all polymers in good solvents is unclear.”

3.2.2 Particle Size Distribution Analysis

-Autocorrelation functions measured for the narrow distribution samples N770K. N2M and
N3M were analyzed by the various particle size distribution (PSD) analysis routines described
in section 1.3.1. The results were consistent in that unimodal namrow distributions were ob-
tained. The double-exponential analysis was either not available as an option (the experimental
data could not be fit to a double exponential) or a double exponential fit would vield a major
peak (~99%) at the expected particle diameter and a very minor peak at an unrealistic (either
too small or too large) diameter. The peak diameter and the breadth of the distribution were
invariant with the type of baseline, the number of data points. and the method of data anlvsis
used. A typical distribution is shown in Figure 9a.

Similar results were obtained for the broad distribution samples (see Figure 9b), although there
was considerable variation in the breadth of the distributions determined. The data analysis
routines do not appear to be sensitive enough to distinguish between a narrow and a moderately
broad distribution. The distributions computed for a narrow and a broad molecalar weight sam-
ple of approximately the same molecular weight (shown in Figures 9a and 9b, respectively), ap-
pear to have equal breadth. Due to the low power laser employed in this study. and the neces-
sity of keeping the solution concentrations below the overlap concentration, c*. the scattering
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intensity for all <orrelation functions wis very low. Dara had to be accumulated tor lonyg pent-
ods of time (30-60 minutes) to obtain smeoth correlation functions. Possibly, smoother data
would produce more consisient results, but in general, the technique of DLS is not sunable for
obtaining detailed information about size distributions (see. for example, Ret. 5, 10-14),

(c)
G(d) LG

,,,,,,,

e e A s 4

P,

log, diameter. nm log, y diameter. nm

194 vQ

[

(b) )
G(d)“ Gdy )

loglo diameter. nm logy diameter. nm

Particle size distributions G(d) versus loglo particle diameters (in nm) for: (a)
N3M analyzed by the non-negatively constrained least squares (NNLS) routine:
(b) BR3M analyzed by NNLS; (c) BI850K analyzed by the exponential sam-
pling (EXPSAM) technique: and (d) BI4M analyzed by EXPSAM.

Figure 9. Particle size distribution results

The analysis of the bimodal samples always yielded a bimodal distribution with the peaks at
their approximately expected locations. These correlation functions were analyzed by different
data routines, and essentially the same results were obtained. All distributions shown in Figure
9 were analyzed via the exponential sampling technique or the non-negatively constrained least
squares analysis, because the other data analysis techniques mentioned in section 1.3.1 (cumu-
lants and double exponenrial) yield only one or two size values, not a distribution. however the
numbers obtained with the other data analyses were consistent with those shown in the figure.

The different data aralysis routines appear to produce distributions with their own characteristic
shapes (notice the similarities between Figures 9a and 9b, and berween Figures 9¢c and 9d). The
Exponential Sampling (EXPSAM) method tended to produce smoother bell-shaped distribu-
tions than the non-negatively constrained least squares (NNL) analyses, which had a more
pointed shape. In the case of the bimodal distributions, the NNL routines always produced two
distinct peaks which did not overlap, while the EXPSAM results were more continuous ovér the
entire size distribution, as shown in Figures 9¢ and 9d.
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3.2.3 Molecular Weight Distributions

Molecular weight distributions (MWD's) were determined for the four polvmer samples de-
picted in Figure 9 by first transforming the PSD’s to distributions of linewidths «I"'sj via the
Stokes-Einstein eguation (eq. 4) and then transforming the linewidth distributions to MWD’y
via the equations given in section 1.2.1.3. All the MWD rransformations were pertformed on
PSD’s determined via the NNL analysis routine, because the MWD''s produced trom the EXP-
SAM technique were not smooth.

Figure 10 shows the results of the molecular weight transformations. The values of the parame-
ters Kpy. Kp. k' b and b’ affect the shape of the resultant distnbution as well as the numbers
derived from it (radius of gyration anc molecular weight averages). As a first attempt at a
transformation. values of kpy were estimated and the experimental values of the other four pa-
rameters (as reported in Equations 26 and 27) were used. These a priori values produced a re-
alistic MWD for only one of the particle size distrubutions (N3M). All the other distributions
required some parameter adjustment to produce a smooth distribution with meaningful num-
bers. A computer program was written to calcualte a MWD and the resultant averages fR .
M, Mp) for a given set of adjustable parameters.

M) | (a) v |

loglo MW log, o MW
f(M» : fiv)
(b)
log 10 MwW log; o MW
Molecular weight distributin f(M) versus log,, molecular weight for : (a)

N3M ; (b) BR3M; (¢) BI8S0K; and (d) BI4M. All were tmnstonm:d from
PSD’s computed via the NNL data analysis routine.

Figure 10. Molecular weight distribution resuits

The dynamic parameters k+ and b, transform the diffusion coefficients into molecular weight
values, and thus have a significant effect on the distribution. For the bumodal samples. increas-
ing b from the measured value of 0.563 to 0.58 (which ts more consistent with the literature)
produced a smoother distriubtion. The BISSOK sample required a furthe - minor adjustment of




parameter kT to 3.1 x 107 (from 3,18 x 107 o produce the final dstmbunon. The static pa-
rameters k and b’, which transform molecular weight values into radn of gyranon, only ar-

fected the final R values, so they were left at their experimentally determined values
o

The second virial coefficient for diffasion, kpy, transtorms the diffusion coetficients meuasured
at finite concentrations to inifnite duution mlues D . Of the tour distributions shown i Figs.
9 and 10. kp was only measured for sample N3M. and this value of Ky was used unchanged in
the molecular weight transformation process. The other kpy values were determined by trial und
error using a value estimated from Figure 7 as a starting point. The final values were all less
than those estimated from the figure. For sample BR3M. the value of k) wus decreased by
about 30%. and for the rwo bimodal polymers. approximately 13% 'euch. Incidentally . the
measured value of k for sample N3M is about 30% lower than the value calculated from
Figure 7.

Table 4 contains the molecular weights and radii of gyration calculated from the distnbutions
shown in Figure 10. The numbers calculated from the unimodal distributions matched the ex-
perimental data better than the two bimodal samples. An attempt was made to use two different

values in the molecular weight transformation process for the bimodal samples. bur there
was little effect on the final distribution.

Table 4. Parameters calculated from molecular weight distributions

5 peak MXV s  Adjusted
MW (x10 ") Mw/Mn R g nm (x 10 - Parametes
N3M 299 (+3) 1.14 86.7 (- 3) 3.08 ‘none
BR3M 2.84 (-10) 1.11 g88.1 (-4 2.25 kp = 250
BI8SOK | 1.21 (+44) 2.96 55.0 (-13) (0.161 (- 4. kp = 90
1.620 (-24) b = 0.38%
YkT" = 3.1E-4
BI4M 5.16 (+26) 3.43 1283 (- ) 0437 ¢-56) 'k = 350
: 6.37 (-3 = ().5%
Numbers in parentheses indicate percent differences from expected values

One interesting thing to note for both bimodal samples is that even though the calculated over-
all weight-average molecular weights are significantly higher than expected. the peak molecular
weights for each of the components are lower than expected. This implies that esther the two
molecular weight fractions are broad di. tribution with a high molecular weight tail. or that the
estimate of the fraction of the larger molecular weight component is too high. Estimates of the
polydispersity (M /M, ) of each of the fractions are about 1.05, thus ruling out the first powibi]-
ity. The mole fraction of each component can be determined by dividing the sum of the fi M¥'s
for each component by the sum of the f(M. ;)'s for the entire distribution. Using this dpp!‘(\d(. h.
the mole fraction of the lower molecular weight component is 815 for the BI4M sumple. and
82% for the BI850K sample. Converting the original weight fractions of each component (see
Table 1) to mole fractions, the lower molecular weight components should be 940 and 96 |




respectivelv. The cause of this shew g of the distribution tow and the Bivher molecula aceie
compenents s probably caused by the mherent by of hight soattenny towand the tuphies e
lecular werght species.

4. Conclusions

The static light scattering experunents were straghtforward, and are reasonablhy consistent with
lerature vales. Differences in the refractive index increment. and the Ravieish rato ot the
cahibranon hiquid used 1 the data analyvsis could account tor the ditterences  These vadues ate
often not pubhished with the hight scartering data.

Due 1o the large variability in the published DLS data tor toluene solutions of polvstsrene. 1t
clear that the techmique ot DLS for even a sumple analysis of diffusion coerficients 1s not 4 ma-
ture field. and expenimental data do not always correlate with theoretical predicuons The rea-
son for the large discrepancy in published data ts probably due to the tact that the dvnanie hght
scattering experiment i, not casy from an expenimental pomnt of view, or trom the data imterpre
tation side.

For example. the selection of the delay time (321 to be used when collectng data 101 the
autocorrelation function atfects the shape of the correlation funcuon, and thus the numbers that
are derived from the data analysis. For systems with large polydispersity. the use of mulupie
sample tumes 15 recommended to incorporate all possible relaxanions, particularlhy when the
number of hardware channels (N)1s limited. «Multiple sample umes were used for the analvas
of sample BI4M.) If muluple sample times are used. and too large a range of sample times 1
incornorated. information on the larger particles can be lost. whereas if the range of sample
times is too short, the information on the smaller particles is sacnficed. Another expenmental
parameter that affects the results of a DLS experiment 1s the number of samples used to obtain
the correlation function, j ¢, the length of time that data 1s collected.  For svstems with high
scattering power, the experiment does not have to be run as long to accumulate the same num-
ber of samples as from an experiment i which the <cattering i1s not as great. Obviously, the
more samples that are accumulated in a given experiment, the smoother the correlation function
will be. and the more precise the data generated from that expeniment will be. however a practi-
cal tme hmit for the data collection must be set. Sometimes a shorter experiment duration 1«
desirable; for instance. the longer the experniment is run, the greater the chance that o spurious
dust particle will diffuse into the scattening center. or that the environmental conditions (em-
perature, humidity, laser intensity, etc.) will change.

Section 1.3.1 briefly describes some data analysis routines which are commonly in use for ana-
lyzing correlation functions. Many other methods have been used. and are currently under de-
velopment - in fact. much of the current DLS literature is devoted to developing new mathe-
matical treatments of this data. and of assessing the accuracy of current methods  Thus. the
analysis of DLS data 1s still an area of active research.
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In conclusion, DLS 15 well suited to measure the dynamic propenies of 4 monodisperse poly -
mer solution, such as translatonal diffusion, and hydrodynamic radus which when coupled with
information trom static light scattening, provides a complete dilute solution analysis of 4 poly -
mer in a given solvent. Indeed, several researchers ™ >~ are developmg combined static and dy -
namic light scattering spectrometers s0 that the static and dynamic parameters may be obtained
from the same experiment.

Conversion of an expermmentally determined linewidth distribution to a distribution of molecu-
lar weights 1s possible if the parameters k. kp, Kp' b and b™ are known or can be estimated.
and accurate values of M and R, are available from static light scattering measurements Us-
ing DLS 10 extract information on the polydispersity of a polvmer ample should be hmited 1o
determination of a mean value, and possibly one or two moments about that mean. due 10 the
inherent difficulty of extracting a unique hinewidth distnbution from an experunenal correla-
tion function. Unimodal distnbutions can be disuinguished from bimodal distnbuntions 1f the
two species are at least a decade apart (more closely spaced distribunions may be distinguish-
able under certain conditions), but extraction of detailed information abour the individual trac-
tions is probably unreliable.
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