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This review summerizes the recent advances in characterization of some special intractable 
macromolecules in solution by laser light scattering. Since both static and dynamic laser light 
scattering (LLS) are theoretically well established, we focus the discussion on experimental 
details, such as the design of a high-temperature LLS spectrometer, the sample clarification, a 
novel differential refractometer, and some newly developed methods for data analysis which 
include a combination of static and dynamic LLS leading to molar mass distribution deter
mination and LLS calibration of gel permeation chromatography. 
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weight M and weight distribution fw(M) 
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1 
Introduction 

Differing from small molecules, typical polymers have an average molar mass of 
~ 104 g/mol or higher and a wide distribution of chain length. For a given type of 
polymer, its properties, even its appearance, are greatly influenced not only by 
its average molecular weight, but also by its molecular weight distribution. 
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Therefore, the development and application of a polymer often require a precise 
characterization of these quantities. 

A number of methods including laser light scattering (LLS) are routinely used 
to determine the average molecular weights and molecular weight distribution 
of a polymer. They include end-group chemical analysis, vapour pressure 
osmometry, membrane osmometry, sedimentation equilibrium, static (classic) 
LLS and very recently developed matrix-assisted time-fly mass spectroscopy as 
absolute methods in the sense that these do not require a calibration with a set 
of narrowly distributed polymer samples with known molecular weights. The rel
ative methods include viscometry, gel permeation chromatography (GPC), field 
flow fractionation (FFF) and dynamic LLS. 

The average molecular weight <M> of a polydisperse polymer sample is gen
erally defined by 

<M> = j ~ fn(M)MP dM / J~ fn(M)MP_1 dM (1.1) 

if (3 is an integer, where fn(M) is the number distribution of molecular weight M. 
Thus, (3=1 for the number-average molecular weight (Mn), (3=2 for the weight-
average molecular weight (Mw) and (3=3 for z-average molecular weight (Mz). 
For example, Mn is measured by end-group analysis and osmometry; Mw,by GPC, 
sedimentation equilibrium and static LLS; and Mz, by sedimentation equilibri
um and dynamic LLS. In practice, the ratio of Mw/Mn is called the polydispersi-
ty index and is conveniently used to characterize the distribution width of a giv
en polymer sample. 

Static light scattering as a classic and absolute method has been long and 
widely used to characterize both synthetic and natural macromolecules [1-4]. 
In the last two decades, thanks to the advances in stable laser, ultra-fast electronics 
and personal computers, laser light scattering (LLS), especially dynamic LLS 
(denoted here by DLS), has gradually changed from a very special tool for phys
ical chemists to a routine analytical tool in polymer laboratories or even to a daily 
quality-control device in production lines [5-8]. The LLS instruments commer
cially available nowadays are normally capable of making both static and 
dynamic measurements simultaneously. 

2 
Basic Principles of Laser Light Scattering 

When a monochromatic, coherent light is incident into a dilute macromolecule 
solution, if solvent molecules and macromolecules have different refractive 
index, the incident light is scattered by each illuminated macromolecule to all 
directions [9, 10]. The scattered light waves from different macromolecules 
mutually interfere, or combine, at a distant, fast photomultiplier tube detector 
and produce a net scattering intensity I(t) or photon counts n(t) which is not uni
form on the detection plane. If all macromolecules are stationary, the scattered 
light intensity at each direction would be a constant, i.e. independent of time. 
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However, in reality, all macromolecules in solution are undergoing constant 
Brownian motion, and this fact leads to fluctuation in I(t). The fluctuation rate 
can be related to the translational diffusion of the macromolecules. The faster 
the diffusion, the faster the fluctuation will be. 

2.1 
Static Laser Light Scattering 

In static LLS, the angular dependence of the excess absolute time-averaged scat
tered intensity, known as the excess Rayleigh ratio, Rw(0), is normally measured, 
w h e r e Rw(6)=(<I>solution-<I>solvent)/<I>standard * Rw,standard(6) * (n /n s t a n dard) a 

with <I> and n denoting the time-averaged scattering intensity and the refrac
tive index, respectively, and 1 < a < 2 depending on the detection geometry. Thus, 
if the scattering volume is selected by a slit, a=l, and if the scattering volume is 
selected by a pinhole much smaller than the beam diameter, a=2. If the solution 
is very dilute, Rw(6) at a relatively small scattering angle 0 can be related to the 
weight-average molecular weight Mw, the second virial coefficient A2 and the 
root-mean square z-average radius of gyration <Rg

2>1/2 (or written as <Rg> for 
simplicity) by the expression [9,10] 

KC 
R(w)(e) M, 

-(l + ^ < R g > q 2 ) + 2 A 2 C + . . . (2.1) 

where C is the mass concentration of the polymer component, K=4Tt2n2 (dn/dC)2 

/(NAAO ) and q=(4Ttn/A0) sin(0/2), with NA, dn/dC, n and X0 being the Avogadro 
constant, the specific refractive index increment, the solvent refractive index, and 
the wavelength of the laser light in vacuum, respectively. With Rw(6) measured 
at a series of C and 0, we can determine Mw, Rg, and A2 by use of a Zimm plot, 
which allows both 0 and C extrapolations to be made on a single grid [11]. Fig
ure 1 shows a Zimm plot for an alternating copolymer of ethylene and tetraflu-
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Fig. 1. Typical Zimm plot for an alternating copolymer of ethylene and tetrafiuoroethylene (Mw 
= 5.4 X 105 g/mol, R„= 45.4 nm and A2 = 1.97 x 10~4 mol mL/g2) in diisobutyl adipate at 240 °C 
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oroethylene (Mw=5.4xl05 g/mol,Rg=45.4 nm and A2=1.97xl(T4 mol niL/g2) in 
diisobutyl adipate at 240 °C [12]. It should be noted that Eq. (2.1) is valid under 
the restriction that the polymer solution exhibits no adsorption, no fluorescence, 
and no depolarized scattering. As for rigid and nearly rigid rods causing depo
larized scattering, readers can refer to the excellent review article of Russo and 
the references therein [ 13]. As for the correction of adsorption and fluorescence, 
readers are advised to refer to the characterization of Kevel in concentrated sul
furic acid by Qing et al. [14-16]. 

2.2 
Dynamic Laser Light Scattering 

DLS measures the intensity fluctuation instead of the average light intensity (this 
is where the word 'dynamic' comes from), and its essence may be explained as 
follows. When the incident light is scattered by a moving macromolecule or par
ticle, the detected frequency of the scattered light will be slightly higher or low
er than that of the original incident light owing to the Doppler effect, depending 
on whether the scatterer moves towards or away from the detector. Thus, the fre
quency distribution of the scattered light is slightly broader than that of the inci
dent light. This explains why dynamic light scattering is sometimes called qua
si-elastic light scattering (QELS). The frequency broadening (~105-107 Hz) is so 
small in comparison with the incident light frequency (~1015 Hz) that, if not 
impossible, it is very difficult to detect it. However, it can be effectively recorded 
in the time domain through an intensity-intensity time correlation function 
G(2)(t,q) in the self-beating mode. Thus, dynamic light scattering is also known 
as photon correlation spectroscopy (PCS). 

G(2)(t,q) can be related to the normalized first-order electric field time corre
lation function |g(1) (t,q)| by [9,10] 

2 

] (2.2) 

where A is the measured base line, (3 is a parameter depending on the coherence 
of the detection optics, and t is the delay time. 

For a monodisperse sample, g^(t,q) is theoretically represented by 

g(1)(t,q) = Ge" r t (2.3) 

where G and T are the proportionality factor and the line-width respectively. For 
dilute solutions, T measured at a finite scattering angle is related to C and q by 
[17] 

G(2)(t,q) = <I(t,q)I(0,q)> = A[l+p g(1)(t,q) 

r = q2D(l + kdC)(l + f < R 2 > z q 2 ) (2.4) 
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Here D is the translational diffusion coefficient of the solute molecule at C —> 0 
with C the mass concentration of the solute, kd the diffusion second virial coef
ficient, f a dimensionless parameter depending on polymer chain structure and 
solvent, and <Rg

2> the mean square radius of gyration of the polymer chain. 
Hence, for C and q small enough, Eq. (2.3) may be approximated by 

g«(t ,q) = Ge-12Dt (2.5) 

The proportionality factor G may depend on many characteristics of the solute 
polymer,but since D is the only polymer-dependent variable in Eq. (2.5), it is rea
sonable here to treat G as a function of D only for a homologues series of poly
mers. Thus, for a polydisperse polymer sample with a continuous distribution of 
molecular weight M, Eq. (2.5) may be generalized as 

g(1)(t,q) = r°G(D)e-q2DtdD (2.6) 
•"0 

where G(D) is called the translational diffusion coefficient distribution. This 
equation is the basic of the entire discussion in the present paper. Note that since 
g(^(t,q) —> unity as t goes to zero, we have 

f°G(D)dD = l (2-7) 
*o 

that is, G(D) is normalized. Equation (2.6) indicates that once g^(t,q) is deter
mined from G^2^(t,q) through Eq. (2.2), G(D) can be computed by Laplace inver
sion [ 18-24]. Among many others, the program called CONTIN [24] is one of the 
most widely used and accepted for this computation. However, due to the band
width limitation of photon correlation instruments, some unavoidable noises, 
and a limited number of data points, the data obtained for g^^(t,q) do not always 
provide information necessary and sufficient to determine G(T) uniquely. This 
difficulty is well-known as the ill-posed problem. Thus, in practice, reducing the 
noises in the measured G^2^(t,q) becomes more important than choosing a pro
gram for data analysis. 

Figure 2 illustrates the g^(t,q) data for chitosan (Mw=1.06xl05 g/mol and 
<D>=5.92xl(r8 cm2/s) in aqueous 0.2 MCH3COOH/0.1 MCH3COONa at 25 °C, 
0=45° and C=4.96xl0~4g/ml. Here, <D> is the average diffusion coefficient giv
en by 

< D > = [ G(D)DdD (2.8) 
Jo 

Figure 3 shows the G(D) function for the same system as in Fig. 2 at 0 —> 0 and 
C->0. 
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t /(ms) 

Fig. 2. Typical normalized intensity-intensity time correlation function for chitosan (Mw =1.06 
x 105 g/mol and <r> = 2.19 ms) in 0.2 M CH3COOH / 0.1 M CH3COONa aqueous solution at 
T = 25 °C, 6 = 45° and C = 4.96 X 10~4 g/mol 
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Fig.3. Typical translational diffusion coefficient G(D) for chitosan (Mw= 1.06X 105 g/mol and 
<D> = 5.92 x 10~8 cm2/s) in 0.2 M CH3COOH / 0.1 M CH3COONa aqueous solution at T = 25 
°C, 6 -» 0 and C -» 0 

Experimental Section 

3.1 
Solvent Selection 

If a macromolecule can be dissolved in more than one solvent, the choice of the 
solvent for laser light scattering measurement should be made generally accord
ing to the following three criteria: 1) it is colorless so that the adsorption cor
rection can be avoided, 2) it has a higher contrast, i.e. a higher value of the spe-
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cific refractive index increment dn/dC, so that the signal-to-noise ratio is 
increased, and 3) it is less polar and less viscous so that the solution may be clar
ified more easily. 

Sometimes in practice, we may have no choice of solvent for a given polymer. 
For example, poly(l,4-phenyleneterephthalamide) (PPTA or Kevlar) is only sol
uble in very strong acids which are viscous. In such cases, ultracentrifugation 
instead of filtration has to be used to remove dust particles from the solution 
[ 14-16,25]. As for copolymers, the selection of proper solvents is even more dif
ficult, because at least two solvents which satisfy the above mentioned three cri
teria are needed. For this reason, reported characterization of copolymers is 
quite limited [26-29]. 

One of the challenging problems in the application of LLS methodology is to 
study static and dynamic properties of fluorocarbon polymers, such as Teflon 
and Tefzel (registered trademarks of Du Pont), which defy the characterization 
owing to their insolubility in ordinary solvents. It is this unique solubility that 
makes these fluorocarbon polymers very useful in many applications, but great
ly annoys those who wish to explore their solution properties. However, it was 
found that some solvents were capable of dissolving them at high temperature, 
but the finding was not enough to solve all characterization problems because 
the technique for clarification and measurement of the solutions at high tem
perature remained to be established. 

3.2 
High-Temperature Spectrometer 

In order to characterize a polymer soluble only at high temperature, many diffi
culties had to be overcome before light-scattering measurement was actually 
made. Thus, a special high-temperature LLS spectrometer was first designed and 
developed at State University of New York in Stony Brook, and then its technique 
was transferred to both Du Pont and BASF [30-35]. 

Figure 4 shows a schematic diagram of the high-temperature LLS spec
trometer at Du Pont. In it, a thermally-controllable plate (13) used as a heat sink 
isolates the rotary table (12) from the outer thermostat (3) by means of two sets 
of stainless steel standoffs (14). The outer brass thermostat (3) is isolated from 
the room with 0.5-in.-thick porous silicone rubber. This arrangement creates 
an oven that allows the temperature to keep easily in the 320-340 °C range with 
temperature fluctuations of less than 0.2 °C. A glass (vacuum) jacket of 2.25-
in. o.d. isolates the inner thermostat from the oven. The vacuum jacket reduces 
the temperature gradient in the light scattering cell. The inner thermostat has 
a separate temperature controller and a miniature platinum resistance ther
mometer that can be connected to a digital voltmeter through the vacuum jack
et by means of ceramic feed throughs. With this design, short-term (20 min) 
control of ±0.05 °C, intermediate-term (60 min) control of ±0.1 °C, and long-
term control of ±0.5 °C can be achieved at 340 °C even in the absence of a vac
uum. Long-term temperature stability depends partially on room-temperature 
fluctuations even in the presence of the outer thermostat and the isolation 
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Fig. 4. Schematic top and side views of the high-temperature thermostat and detection system 
of the light scattering spectrometer: (1) silicon rubber insulation; (2) heating wires for the brass 
thermostats; (3) outer brass thermostat with fluid circulation facilities; (4) vacuum glass jack
et for thermal isolation made of precision polished glass of 2.25-in. o.d. with Kovar seals at 
both ends of a stainless-steel temperature shield with precision polished glass of 2.25-in. o.d.; 
(5) inner brass thermostat, which has a separate temperature controller and a thermometer 
and can accommodate a light scattering cell up to 27-mm o.d; (6) Glan-thompson polarizers; 
(7) fluid circulation paths; (8) lens; (9) field aperture; (10) optical fiber bundle; (11) rotating 
plate for multiple detectors; (12) RT-200 Klinger rotary table with 0.01° step size; (13) cooling 
plate to isolate the outer thermostat from the rotary table; and (14) stainless steel standoffs for 
thermal isolation 

between the two thermostats. Figure 5 shows typical temperature fluctuations 
of the inner thermostat at 340 °C. To mention more, a high-temperature LLS 
detector coupled with GPC has recently been developed and the determination 
of the molar mass distribution of poly(phenylene sulfide) in 1 -chloronaphtha-
lene at 220 °C has been made possible with it [36]. The advantage of on-line 
coupling LLS with GPC is obvious, since GPC is a fractionation method and 
LLS allows an absolute molar mass measurement and hence makes the cali
bration of GPC columns. 
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Fig. 5. Typical temperature fluctuations in the inner thermostat at 340 °C. Intermediate-term 
(1 h) temperature fluctuations were ±0.1 °C. Long-term (10 h) temperature fluctuations were 
± 0.5 °C 

3.3 
Solution Preparation at High Temperature 

In order to prepare and clarify a polymer solution at a temperature higher than 
200 °C, two different apparatuses were developed [30,33]. Importantly, they are 
able (1) to dissolve a polymer under an inert atmosphere without losing solvent 
and without building up inner pressure due to solvent evaporation, and (2) to 
transfer the solution into a filtration device by a remote control. 

Figure 6 shows a specially designed dissolution/filtration apparatus which can 
be placed inside a small oven. Known weights of a polymer sample and a filtered 
solvent, as well as a small glass-enclosed magnetic stirrer, are placed in A at room 
temperature. The solution vessel (A) is then connected to the precleaned filter 
(B). After degassing followed by introduction of nitrogen, both stopcocks are 
closed and the oven is heated to the desired temperature to dissolve the polymer 
while the solution is stirred. When the polymer is considered to have been com
pletely dissolved, the solution vessel is turned 180° by means of the seal glass joint 
(J). This allows the polymer solution to be transferred from A into B without 
exposure to air. A gentle pressure using nitrogen is applied to force the polymer 
solution to pass through the fine-grade sintered glass filter (f) and to move 
directly into the precleaned dust-free cylindrical light scattering cell (C). In this 
way, dust-free polymer solutions can be successfully prepared, keeping the tem
perature high. 

Figure 7 shows another type of dissolution/filtration apparatus. Sleeve A (with 
no bottom) is joined to the shaded stopper, which is connected to a reflux con
denser by means of a greaseless glass joint. Cup (B), with a magnetic stirrer (E) 
sitting on top of the fine-grade sintered glass filter (F2), allows solution clarifi
cation. First, a dust-free solvent and a polymer are placed in B of the argon-filled 
apparatus which has the preattached dust-free light-scattering cell (D). The 
reflux condenser flushed with argon is then inserted taking care that the appa
ratus with the polymer and solvent is under an inert atmosphere at room tern-
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Fig. 6. High-temperature dissolution/filtration apparatus. The entire apparatus is placed in a 
high-temperature oven controlled at 250 ± 2 °C. (A) Solution vessel, where known weights of 
polymer and solvent as well as a small glass-enclosed magnetic stirrer are introduced. (B) a 
fine-grade sintered glass filter, connected to A and C by means of clean seal glass joints (J) 
(14/20, Wheaton Scientific), (f) Fine-grade sintered glass filter. (C) Cylindrical light scattering 
cell of 27-mm o.d. with a clean seal glass joint 

perature. The entire apparatus is set in a small oven and the temperature is raised 
to the desired value. When the polymer is completely dissolved, an argon pres
sure is applied through the sintered glass filter (Fx) to let the polymer solution 
move from B to C. The additional pressure difference plus gravity will filter the 
polymer solution directly into the dust-free light-scattering cell (D). After the fil
tration process is completed, the additional argon pressure is released. The stop
cock above the upper filter is closed during a light-scattering experiment. Briefly, 
extreme care must be taken when the test solution is prepared and subjected to 
light scattering measurements at temperatures near the boiling point of the sol
vent because the pressure build-up could cause an explosion. This points to the 
absolute necessity of having a pressure releasing mechanism. 



116 ChiWu 

F,7 
WQtQr p J 

j 
II 

Is 

} 
°-f 

fc] — Ar 

j | ~ ] — — 

If 

\ M 
?t: 

K 

Fig. 7. Separate components of a high-temperature dissolution/filtration apparatus. The 
assembled apparatus, as shown in Fig. 1 of Ref. 30, is placed in a high-temperature oven. (A) 
Cylindrical insert (with on bottom) with a diameter ~2 mm less than that of the solution ves
sel (B); (C) Filtration section with a fine-grade sintered glass filter (Fi) and ground glass joints 
to a light scattering cell (D) and a ground glass joint adapter for the water cooled condenser 
which is located outside the temperature-controlled oven. (E) Magnetic stirring bar. The shad
ed area denotes volume reduction so that the volume accessible by vapour phase is no more 
than a few times the fluid phase. The miniature water-cooled condenser has a coarse-grade 
sintered-glass filter (F2) so that the entire system is always isolated from external dust. The 
greaseless stopcock above F2 is for operating the apparatus as a closed system, for introduc
tion of low vacuum in order to degas the solvent before dissolution, for filling the apparatus 
with inert gas, such as argon, in order to alleviate chemical decomposition, and for releasing 
a possible pressure build-up at high temperature if chemical decomposition takes place. The 
entire apparatus is portable and can be inserted into the high-temperature light-scattering 
spectrometer with the light-scattering cell (D) and part of the filtration component (C) con
trolled at a given high temperature 
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3.4 
Differential Refractometer 

One of the most important parameters in static LLS is the specific refractive 
index increment (dn/dC), defined as Zzmc^o(3n/3C)T,p,A. Since this parameter is 
not an intrinsic property of the polymer, the conditions of fixing temperature T, 
pressure P and wavelength of light in vacuum X are needed in its definition. Note 
that, according to Eq. (2.1), an error of E% in dn/dC will lead to an error of 2E% 
in the derived Mw. 

The refractive index increment Dn is normally measured by using either a dif
ferential refractometer or an interferometer. In the former, light is refracted at 
the boundary between the sample and a reference liquid. Commonly, the beam 
displacement is measured directly and then converted to An by multiplying by a 
calibrated constant which can be obtained by using a solution with an accurate
ly known refractive index difference An [37]. This is not an absolute method since 
the constant has to be calibrated under the same conditions as in the light scat
tering measurements. In the latter, two light beams with identical geometrical 
paths traverse two different optical paths. One passes through the sample and 
the other through the reference liquid. This method relies on the interference of 
the two beams. Its details can be found elsewhere [38,39]. In a high-temperature 
LLS measurement, a deformed cylindrical light scattering cell is preferred to the 
conventional divided differential refractometer cuvette in which the exit laser 
beam is refracted by the solution/air interface [30]. 

Figure 8a shows the design of a recently developed and commercially available 
refractometer (ALV GmbH, Langen, Germany). A small pinhole (P) with a diam
eter of 400 um is illuminated with a laser light. The illuminated pinhole is imaged 
to a position-sensitive detector (PD) (Hamamatsu S 3932) by a lens (L) located at 
an equal distance from the pinhole and the detector, where the distance is four 
times the focal-length (f=100 mm) of the lens. Thus, this novel refractometer uses 
a (2f-2f) design instead of a conventional (If) design which uses parallel incident 
light beams and makes the distance between the detector and the lens equal to 
only one focal length. A temperature-controlled refractometer cuvette (C) (Hell-
ma 590.049-QS) is placed just in front of the lens. It is a flow cell and has a volume 
of -20 mL, which is divided by a glass plate at -45° into two compartments. The 
pinhole, the cuvette, the lens and the detector are rigidly mounted on a small opti
cal rail. The refractometer has dimensions of only 40 cm in length, 15 cm in width 
and 10 cm in height, and the length can be easily reduced to 20 cm with another 
lens if necessary. The output voltage (-10 to 10 volts) from the position-sensitive 
detector is proportional to the displacement of the light spot from the center of 
the detector, and can be measured by a digital voltmeter or an analog-to-digital 
data acquisition system and a personal computer. 

Figure 8b shows the basic principle and the light path of the refractometer, 
where 0', 0", 0'", and the cuvette are drawn enlarged to make the details clear. If 
both the compartments are filled with a solvent (i.e. n=n0), the illuminated pin
hole will be imaged at point O. However, if the solvent in one of the compart
ments is replaced by a dilute polymer solution with a slightly different refractive 
index (i.e. n=n0+An), the light will be bent first by the glass plate, then by the 
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Fig. 8 a. Schematic view of a novel differential refractometer (produced by ALV GmbH, Lan-
gen, Germany), which consists of a pinhole (P), a differential refractometer cuvette (C), a lens 
(L, f = 10 cm) and a position sensitive detector (PD). All components are rigidly mounted on 
a 40 cm long optical rail, b Light path in which one compartment of the cuvette contains a sol
vent with refractive index n and the other contains a solution with slightly different refractive 
index n = n0 +An. The cuvette and angles 6', 6" and 6'" (actually very small,-0.01 radian) are 
enlarged to make the light path distinct 

cuvette wall and finally by the lens. The image is shifted away from the point o 
by a distance of Y. Figure 7b shows that 

Y=Yi+Y2+Y3=ctan(e,)+(2f-X-c)tan(e")+2ftan(e'") (3.1) 
and 

f tan(6")=f tan(e'")+c tan(6')+(2f-X-c) tan(6") (3.2) 

where c, X and 0 are constants. Snell's law gives 

nosin(90-e)=(no+An)sin(90-e-e') (3.3) 
and 

(no+An)sin(0')=sin(e") (3.4) 

where 0', 0" and 0'" are actually so small because An is in the order of 10"4 RI 
units that we may set sin(0')=0', sin(0")=0", tan(0')=0', tan(0")=0" and 
tan(0",)=0"'. Combination of Eqs (3.1)-(3.4) leads to 

Y=KAn (3.5) 

where K=[X+c"(l-l/no)]tan(9O°-0). For a given optical set-up and solvent,X,c, 
0, n0, and hence K are constants. Equation (3.5) shows that the signal is propor
tional to An, and the larger the value of X, the higher the sensitivity (Y/An) is. 
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This means that the cuvette should be placed as close as possible to the lens in 
the experimental set-up. 

In the (2f-2f) design, the detector and the pinhole (acting as a light source) are 
placed at the exact imagining positions along the optical axis of the lens. This con
figuration is optically equivalent to placing the detector directly behind the pin
hole, so that the laser beam drift is eliminated. In comparison with the conven
tional differential refractometer, this novel design has made the measurement of 
An much easier and provides reliable and accurate values for dn/dC since it is sta
ble and all the results can be recorded and averaged on a computer. Figure 9 shows 
the concentration dependence of An for a 13% PET-PCL copolymer in three dif
ferent solvents. The lines represent the least-square fits to the data points. 

The refractometer with its present dimensions can be easily installed into any 
existing laser light-scattering spectrometer together with the laser source, the 
thermostat and the computer, as exemplified in Fig. 10. The optical glass plate 
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Fig. 9. Possible arrangement of the novel differential refractometer with an existing laser light 
scattering spectrometer 
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Fig. 10. Concentration dependence of the refractive index difference (An) between the poly
mer solution and solvent for a 13% PET-PCL copolymer. The lines represent the least-square 
fits to the measured data 
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placed in the laser light path at 45° reflects laser light by about 4%, and the reflect
ed light is used as the light source. With this design, the light scattering and the 
refractive index increment can be simultaneously measured under the identical 
experimental conditions of wavelength and temperature. The details of this nov
el spectrometer have been described elsewhere [40]. 

4 
Data Analysis 

The methods of analyzing data for the concentration and angular dependence of 
the time-average scattering light intensity and the intensity-intensity time cor
relation function can be found in many LLS books and related literature. In this 
section, we will mainly concern ourselves with how to combine static and 
dynamic LLS results to characterize special polymers in regard not only to the 
average molar mass, but also to the molar mass and composition distributions. 

4.1 
Conversion Between Translational Diffusion Coefficient 
Distribution and Molar Mass Distributions 

Though not involving fractionation, DLS allows estimation of the molecular 
weight distribution of a polymer. The principle is as follows. For a polydisperse 
polymer consisting of n homologous species, it is well known that G(D;) for 
species i at vanishingly small C and q is given by 

n 
G(Di) = M i w i / ^ M j w j (4.1) 

i=i 

where w; denotes the weight fraction of species i with molecular weight M;. For 
a continuous distribution of molecular weight this gives 

G(D)dD = Mfw(M)dM/Mw (4.2) 

where fw(M) denotes the weight distribution of molecular weight M. Thus, we 
get 

fw(M) = (Mw/M)G(D)(dD/dM) <4'3> 

Empirically we have for a series of homologous polymers [41] 

D = kDM" a° <4-4> 

where k^ and a^ are constants. Experimentally, for a flexible polymer, 
0.5<<XD<0.6 in a good solvent and <XD=0.5 in a Flory 0 solvent; for a rigid rod-
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like chain, an=l ; and for a semi-rigid worm-like chain, 0.6<<XD<1. With Eq. (4.4), 
Eq. (4.3) is transformed to 

fw(M) = kDMwM-a°-2G(D) (4-5) 

which indicates that fw(M) can be determined if G(D) is obtained by Laplace 
inversion of Eq. (2.6) and the values of the parameters k^ and a^ are available 
from separate sources. This is the basic idea of the method which allows infor
mation about fw(M) to be derived by DLS. 

Since, as noted above, the success in determining G(D) is actually not in the 
choice of a computer program for Laplace inversion but reducing the noise lev
el in measured g^^(t,q). Thus, it is crucial that the solution is cleaned (i.e. "dust-
freed") very thoroughly before it is subjected to laser light scattering measure
ments. For example, in studies conducted by the author, efforts were made to 
ensure that the relative difference between the measured and calculated base
lines did not exceed 0.1%. The error analysis related to the above problem can 
be found elsewhere [42,43]. 

4.2 
Scaling of Translational Diffusion Coefficient D with Molar Mass M 

4.2.1 
Using a Set of Narrowly Distributed Standards 

The most straightforward method for calibrating the relationship between D 
and M is to measure both D and M for a set of mono disperse samples with dif
ferent molecular weights. In reality, the monodisperse samples have to be 
replaced by narrowly distributed standards made available either by relevant 
living polymerization or by fractionation of a broadly distributed sample. 
However, only a few kinds of polymers, e.g. polystyrene and poly(methyl 
methylacrylate), can actually be prepared so as to have a sufficiently narrow 
molecular weight distribution (Mw/Mn~l.l), and the fractionation is very time 
consuming. Thus, the straightforward calibration of the D vs M relation is not 
always practical. 

Figure 11 shows the plot of log(D) versus log (M) for a set of narrowly dis
tributed polystyrene standards in toluene at 20 °C [44]. The line represents a least-
square fitting to the data points, giving D(cm/s)=3.64xl0~4M~0-577. Using this 
relation, we were able to estimate the molar mass distribution of polystyrene by 
using only DLS [45]. However, as noted above, in reality, only a few kinds of poly
mers can be prepared to have narrow enough distributions of molecular weight. 
Hence, we often have to satisfy ourselves with more broadly distributed samples 
having different average molecular weights. This means that special analytical 
methods have to be developed to calibrate or scale the translational diffusion 
coefficient D and molar mass M by using from broadly distributed samples. Ideas 
on this theme are described in the following sections. 
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Fig. 11. Double logarithmic plot D vs M for polystyrene in toluene at 20 °C. The line represents 
a least-square fits to the data points, giving D(cm/s) = 3.64 x l(T4M~a577 (Ref. 42) 

4.2.2 
Using Two or More Broadly Distributed Samples 

As can be easily shown, it follows from Eqs.(4.4) and (4.5) that 

Mw = (kD)1 / t tD / p°G(D)D1/aDdE (4.6) 

The quantity on the right-hand side is denoted by M^L
c
s
a[c . i.e 

Miotic =(kD)1/<XD / |7G(D)D1/a°dD (4.7) 

For any given set of k^ and a^, it can be calculated when G(D) is determined 
from DLS measurements. We denote it for a polydisperse sample i by (M^L

c
s
a[c);. 

Then we get 

v"*w,calc/i 

(M°£ic)j 
J°°Gj(D)D1/(XDdD / J°°Gi(D)D1/(XDdD (4.8) 

where G(D); is for sample i. The right-hand side can be calculated from measured 
G(D); and G(D)j for any CXD, and if the chosen value of CXD happens to be equal to 
that for the system under study, the resulting value of (Mw

Diicd)i /(MW)°jjj.d)j 
should agree with the value of (Mw); / (Mw)j which can be determined by SLS. In 
reality, the desired a^ will be reached by using a computer program which seeks 
a minimum of ERROR(CXD) defined by 
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Fig. 12. Plot of ERRORfko) calculated with data for five Chitosan samples with different weight 
average molecular weights. Here the minimum of the dashed curve corresponds to a^ = 0.665 
± 0.015 and kD = (3.14 ± 0.20) X 10~4 

ERROR(aD): 
N N 

11 
i J 

r ( M w ) j 

( M w ) j 

( M w . c a l c ) ^ 

v^w,calc/j 
(4.9) 

where N is the total number of the polydisperse samples examined. 
Next, with the CXD value so determined, we compute ( M ^ ^ ) ; for each of the 

N samples from Eq. (4.7) by varying k^ and seek a kD value which minimizes 
ERROR(kD) defined by 

ERROR(kD) = £ | ( M w ) j 

v^w.calc/i 
(4.10) 

Figure 12 depicts a plot of ERROR(kD) at three values of CXD calculated from 
SLS and DLS data for five chitosan samples with different Mw. It is seen that for 
each chosen CXD ERROR(kD) shows a sharp minimum,but the location and height 
of the minimum varies significantly with a^ and the minimum becomes the 
smallest at <XD=0.665 and kD=3.14xlO~4. With these values, the molecular weight 
distributions of chitosan samples have been successfully characterized [18]. 

4.3 
Combination of LLS with Other Off-line Methods 

4.3.1 
Intrinsic Viscosity 

If only one broadly distributed sample is available, we have to resort to another 
method to determine the relation between D and M. One of them is to estimate 
an from the Mark-Houwink equation for intrinsic viscosity. It is known that the 
intrinsic viscosity [nj can be scaled with M by the Mark-Houwink equation, i.e. 

file://-/0.635
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Fig. 13. Comparison of cumulative weight distributions FWjCum(M) [= j ^ fw(M) dM ] 
obtained by DLS and SEC (size exclusion chromatography) for a linear poly
ethylene in 1,2,4-trichlorobenzene at 135 °C 

[nJ=knMan, and according to Flory and also to de Gennes [41,46], a^ may be 
equal to=(an+l)/3. With CXD estimated from <xn by this relation, Mw from static 
LLS and G(D) from dynamic LLS can be used to determine k^ as described 
above. Chu et al. [47,48] successfully applied this method to linear polyethylene 
in 1,2,4-trichlorobenzene at 135 °C for which a^ was estimated from the report
ed value of <xn=0.72. [49] 

Figure 13 shows the resulting cumulative weight distribution FW)Cum(M) 
[= JM f\v (M) dM ] and compares it with the result obtained by high-temperature 
size exclusion chromatography (SEC). The agreement is reasonably good, but it 
should be noted that the weight distribution from LLS is usually narrower and 
more skewed toward the high molar mass than that from GPC because the scat
tered light intensity is proportional to the square of molar mass so that higher 
molar mass species weigh more in LLS. 

4.3.2 
Gel Permeation Chromatography 

The static laser light scattering apparatus used as an on-line GPC detector has been 
popular for a while. Here, we illustrate another but less known method of com
bining the results from (gel permeation chromatography) and DLS. The basic prin
ciple is as follows: There is a similarity between these two tools in that the trans-
lational diffusion coefficient D obtained by DLS and the elution volume V in GPC 
are related to the hydrodynamic size of a given macromolecule. In a first approx
imation, if the hydrodynamic size is proportional to the molar mass, we have 

V = A + B log(M) (4.11) 

where A and B are constants similar to kn and CXD- It should be noted that this 
approximation simplifies but does not affect the following discussion. Combin
ing of Eqs. (4.4) and (4.11) leads to 

-
-
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V = A+Blog(D) (4.12) 

where A = A+B log(kn)/cxD andE =-£/<xi> Furthermore, we get from Eq. (4.12) 

V2 = A2+2AB log(D) + B2 log2(D) (4.13) 

Averaging both sides of Eqs. (4.12) and (4.13) over the concentration profile C(V) 
in GPC, we obtain 

<V> = A+B <log(D)> (4.14) 
and 

<V2> = A2+2AB <log(D)>+B2 <log2(D)> (4.15) 

< V > = VC(V) dV 
Jo 

< V 2 > = r V2C(V) dV (4.16) 
Jo 

log(D)C(V) dV 
< log(D) > = ̂ ^ 

f0 C(V) dV 
Jo 

r log2(D)C(V) dV (4.17) 
Jo 

where 

and 

while 

and 

<log2(D)> = 
(•CO 

f C(V) dV 
Jo 

Though not yet theoretically proved, it is usually assumed that the differential 
area C( V)dV under a GPC curve is proportional to the differential mass of the 
polymers dW that are contained in the differential elution volume dV. Since dW 
°= fw(M)dM, we have 

C(V)dV oc fw(M)dM (4.18) 

If C(V) is normalized, this gives 

C(V)dV=fw(M)dM (4.19) 

Combining Eqs.(4.3), (4.4) and (4.19), Eq. (4.17) can be rewritten 

P log(D)G(D)D1/(XDdV 
< log(D) > = ̂ ^ 

f°° G(D)D1/(XDdV 
Jo 
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a n d r°° ■> Mr, 
\ log2(D)G(D)D1/(XDdV 

< l 0 g 2 ( D ) > = ^ 7a (4-2°) 
f G(D)D1/ttDdV 

Jo 
After Eq. (4.19) is multiplied by M,both sides are integrated over the entire range 
of M to yield 

M w = f MC(V)dV (4.21) 

Elimination of M from the right-hand side using the relation D=lq)M a D and 
Eq. (4.12) transforms Eq. (4.21) to 

Mw=k^f 10(A-V)/(a°B)C(V) dV (4.22) 

which is combined with Eq. (4.6) for Mw to give 

r1 0(A-v)/(aDB) c ( v ) d v r G (D)D 1 / a D dD 
Jo Jo 

(4.23) 

This equation contains only one unknown parameter a^. For a chosen a^, we 
first calculate <log(D)> and <log2(D)> using Eq (4.20), then calculate A and B 
by solving Eqs.(4.14) and (4.15) with <V> and <V2> computed from the GPC 
diagram, and finally calculate the left side of Eq. (4.23). By iteration, we can find 
a value of aD which may minimize the difference between the left and right sides 
of Eq. (4.23). For the a^ so obtained, we can calculate k^ from either Eq. (4.6) 
or (4.22) by using Mw determined directly from static LLS and C(V) from SEC 
or G(D) from dynamic LLS. With A, B, k^ and a^, we are ready to calculate A 
and B. In this way, we can calibrate not only the M vs V relation, but also the M 
vs D by a single process on only one broadly distributed sample. This method 
has been tested and applied in the characterization of gelatin in water [50,51]. 

5 
Applications 

When the relation between D and M is established, we can easily convert G(D) 
obtained by dynamic LLS into a differential molecular weight distribution, such 
as fw(M). We have successfully applied the above methods to various kinds of 
polymeric and colloidal systems, such as for Kevlar [15, 23], fluoropolymers 
(Tefzel& Teflon) [12,30-35,52],epoxy [53-55],polyethylene [56,57],water-sol
uble polymers [18, 50-51, 58, 59], copolymers [60-62], thermoplastics [63-65] 
and colloids [66-72]. Three of those applications are illustrated below. 
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5.1 
Segmented Copolymers 

We consider a copolymer sample consisting of monomers A and B. The sample is 
generally polydisperse in both molecular weight and chain composition. We sup
pose that the copolymer species i is characterized by the molecular weight M; and 
the composition wA; which is the weight fraction of A in the chain of that species. 
It is assumed that no composition heterogeneity exists in the chains of the same 
length. For homopolymers the refractive index increment (at infinite dilution) 
does not depend, in a good approximation, on the molecular weight of the chain, 
but is equal to that of the entire sample. For copolymers this is not the case, and, 
according to the theory of light scattering, Eq. (4.1) for G; may be replaced by 

G 1=(v 1 /v) 2M 1w 1 /XM jw j (5.1) 
J 

where V; is the refractive index increment due to the copolymer species i, v that 
of the entire sample, and w; the weight fraction of the copolymer species i. When 
the molecular weight distribution maybe treated as continuous. Equation (5.1) 
is generalized to 

G(D)dD = (v(M)/v)2Mfw(M)MdM (5.2) 

where, as before, fw(M) denotes the weight distribution of M, and v(M) is the 
refractive index increment due to the chains of molecular weight M. Note that 
v(M) depends on WA(M), which is the continuous version of wA;. We assume that 
this dependence is represented by 

v(M)=vAwA(M) + vB [ l -wA (M)] (5.3) 

where vA and VB are the refractive index increments of the homopolymers con
sisting respectively of A and B. 

Corresponding to Eq. (4.3) for homopolymers, we introduce fW)app(M), an 
apparent weight distribution function of M, by 

fw;apP(M) = (Mw /M)G(D)(dD/dM) (5.4) 

With Eq. (4.4) (assumed to hold for copolymers too), this gives 

fw>app(M)/Mw = ( l / k D ) 2 / a ° G(D)D1+(2/a°> (5.5) 

Therefore, fWjapp(M)/Mw can be calculated from DLS determination of G(D) 
along with Eq. (4.4) when k^ and a^ are known separately. On the other hand, 
substituting Eq. (5.2) together with Eq. (5.3) into Eq. (5.4), we get 
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fw;apP(M)/Mw =V-2[vAwA(M) + VB(l-wA(M))]2fw(M) (5.6) 

Now, we choose two solvents 1 and 2 for a given copolymer. Since fW)app(M), v, 
VA, and VB vary with solvent, their values in solvent i are denoted by fW)app(M)^, 
v(i), vA

(i), and vB
(i). Then it follows from Eq. (5.6) that 

f, (i) 
w,app (M) ,(2) (1) (1) 

f, (2) 
w,app (M) 

V w w A ( M ) v A
w + [ l - w A ( M ) ] v B 

V(1) w A (M)v A
( 2 ) + [ l - w A ( M ) ] v B

( 2 ) 
(5.7) 

The ratio on the left-hand side can be obtained as a function of M since 
fw,app(M)^ / Mw can be determined, as described above, from experimental infor
mation. Thus, Eq. (5.7) allows determination of wA(M), the chain composition 
distribution when all other parameters on its right-and side are measured by dif
ferential refractometry. Once wA(M) is known, we are ready to compute v(M) 
from Eq. (5.3), fw(M) from Eq. (5.6), and finally Mw [59]. 

Figure 14 shows PLS determined - G(D)s by Eq. (5.3) for low-mass (O) and 
high-mass (□) segmented copolymer poly(ethylene terephthalate-co-caprolac-
tone)s (PET-PCL) containing 13% PET in tetrahydrofuran (THF) at 25 °C. 
Repeating the measurements on these samples in another solvent chloroform 
should lead to a new set of G(D)s, which allows Eq. (5.7) to be used to calculate 
WPET(M). 

Figure 15 shows the results from such calculations for low mass (O) and high 
mass (Q)13% PET-PCL samples. We see that the PET content increases with 
increasing M for M< ~4x 104 and approaches a constant value of -14% in the high 
molar mass range. For the 58% PET-PCL sample, the composition distribution 
is nearly constant. The composition of the high-molar mass 13% PET-PCL sam
ple overlaps with that of the low mass 13% PET-PCL sample in the same molec-
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Fig. 14. Apparent weight distributions calculated from the translational diffusion coefficient 
distributions corresponding to low-mass (O) and high-mass (□) copolymer segmented 
poly(ethylene terephthalate-co-caprolactone) (PET-PCL) containing 13% PET in tetrahydro
furan (THF) at 25 °C 
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Fig. 15. Estimate of the chain composition distributions for low mass (O) and high mass 
(□)13% PET-PCL samples 

ular weight range. This indirectly indicates that the estimation of the composi
tion distribution is reasonable. The lower content of PET in the low molar mass 
range can be attributed to the two-step synthesis [59-62]. 

5.2 
A Polymer Mixture Containing Individual Chains and Clusters 

If a mixture is made of individual polymer chains and polymer clusters, the mea
surement of static LLS will lead to an apparent weight-average molar mass MW)app 
which is expressed by 

Mw>app = MW;LxL + MW;HxH (5.8) 

where the subscripts "L" and "H" denote low molar mass linear polymer chains 
and high molar mass polymer clusters, respectively, and XL and XH are their 
weight fractions with XL+XH=1. If the linear chains and clusters are significant
ly different in the hydro dynamic size, dynamic LLS will detect two distinct peaks 
in the measured G(D), with one peak corresponding to the linear chains and the 
other to clusters. 

Figure 16 shows G(D) of a simulated polymer mixture at two scattering angles 
("O", 14° and "□", 17°). The mixture consists of two polystyrene standards hav
ing distinctly different weight average molar masses (3.Ox 105 and 5.9x 106 g/mol) 
and a high mass polystyrene which is used to simulate the polymer cluster [66]. 
The area ratio Ar of the two peaks is expressed by 

Ar 
AH 

f G^P) dD
 = M w , L x L 

P GH(D) dD M«-HXH 
Jy 

(5.9) 

with y the cutoff translational diffusion coefficient between GL(D) and GJJ(D). 
In practice, the values of Ar at finite scattering angles must be extrapolated to 
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q—>0. Figure 17 shows this extrapolation of the Ar for the two peaks in Fig. 16. 
With Eqs. (5.8) and (5.9), Mw>app from static LLS and Ar from dynamic LLS allow 
MWJLXL and MWJHXH to be computed. In principle, by knowing any one of the four 
parameters (MWJL, MWJH, XL and XH), we should be able to determine the remain
ing three parameters. This method has been thoroughly tested with mixtures of 
polystyrene standards [64]. As for a particular polymer mixture, we should find 
a way allowing determination of one of the four parameters. For example, in the 
study of polymer association, we can determine the MWJL of starting individual 
polymer chains, and in the study of the gelation process, we can use a filtration 
method to remove large microgels, so that the weight fractions of XL and XH can 
be subsequently determined. This method has been used to characterize novel 
thermoplastic polymers with phenolphthalein in their backbone chains [61-63]. 
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5.3 
Polymer Colloids 

Combination of static and dynamic laser light scattering is also useful to deter
mine not only the size distribution but also the particle structure of polymer col
loids such as the adsorbed surfactant layer thickness [73] and the formation of 
nanoparticles [74,75]. A recently developed method of determining the density 
of polymer particles is outlined below to illustrate the usefulness of laser light 
scattering as a powerful analytical tool for investigating more sophisticated col
loidal problems [76-78]. 

For a colloidal particle of uniform density its molar mass M is proportional 
to the cube of its radius R, i.e. 

M = ( 4 / 3 ) T I R 3 9 N A (5.10) 

where 9 is the particle density and NA the Avogadro constant. The diffusion coef
ficient D of the particle (at infinite dilution) is related to the Stokes radius Rh by 

D = (kB17 6nrt)(l/Rh) (5.11) 

where kB is the Boltzmann constant, T the absolute temperature, and r\ the sol
vent viscosity. We assume that Rh is larger than R by the thickness b of the sol-
vated layer, i.e. 

Rh = R + b (5.12) 

Substituting this into Eq. (5.11) and using Eq. (5.10) for R, we obtain 

D = F(kBT/6-nn.) (4Tt<?NA)1/3 M~1/3 (5.13) 

with 

F = l/[l+b(4Tt<?NA/M)1/3] (5.14) 

Comparing Eq. (5.13) with the relation D=kDM"cD and considering b<<R, we 
find approximately 

a = 1/3 (5.15) 

kD = F(kBT/6Tirl)(4Ti9NA)1/3 (5.16) 

Thus, with M in Eq. (5.14) replaced by Mw, it follows from Eq. (4.6) that 

M J ,47ipNAwkBT 
w [l + b(47tpNA/Mw)1/3]3 3 6OT| 

( 1 5 P ^ A ) ( % i ) 3 / r G ( D ) D 3 d D (5.17) 
3 6mi / Jo 
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This equation contains two unknown parameters (b and 9), and if we know one 
of them, the other can be calculated from Mw and G(D). With this idea, it was 
found that the average density of the polystyrene microspheres made of a few 
uncrosslinked chains is slightly lower than that of bulk polystyrene or conven
tional polystyrene latex. 

6 
Conclusions 

This review has shown that static and dynamic laser light scattering (LLS) com
bined provide a very powerful method for polymer characterization. LLS has 
advantages over other polymer characterization methods, which include ultra-
centrifugation and chromatography, in such features as speed, non-perturbation 
and extreme dissolution conditions (high temperature or strong acid). The most 
important advantage is that the calibration is independent of the particular LLS 
instrument used. However, the LLS method for the determination of mass dis
tributions described in this paper is disadvantageous in that its resolution is not 
as high as the fractionation methods, especially for samples whose mass distri
butions have closely packed peaks. The LLS method should play a definite role 
in circumstances where polymers intractable by conventional characterization 
methods have to be treated. In principle, dynamic LLS can be used together with 
other polymer characterization methods which take advantage of the depen
dence of the hydrodynamic volume on molecular weight. 
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