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Abstract: Problem statement: In present work a poly (4 vinylphenol-co-2 hydrixd methacrylate)
polymer, (PVPh-HEM), was selected, as a new copetyrto study the phenomena of Optical Laser
Light Scattering (OLLS).Approach: A poly (4 vinylphenol-co-2 hydroxethyl methacrylptevas
investigated for its importance in the highly intfigd applications in different branches. This pobr
was solved in two different solvents like as Methlaand Dimethylformamide, DMF, with different
concentrations 0.2, 0.4, 0.6, 0.8, 1.0x10-3 g InOLLS data were obtained by using a self- built of
laser scattering systerResults: The angular behavior of that selected polymertamiuwvith different
concentrations were studied by plotting the intignsf the scattered light against the scatteringlen
The value of kc/RY) ratio was plotted as a function @fthrough the value si(9/2)+100C, showing
what was called Zimm ploConclusion/Recommendations: From that plot the different scattering
parameters such as Pap's molecular weight Mw, Slecivial coefficient &, Radius of gyration RG
and molecular radius D of that polymer were deteediin that two different selected solvents.

Key words: Scattering parameters, laser scattering, moleowkight, refractive indices, polymer
solution, scattered light, dilute solution, rayleigtio, small macromolecules

INTRODUCTION of small macromolecules are the weight-average
molecular weight and the second virial coefficiefr

A poly  (4-vinylphenol-co-2 hydroxethyl macromolecules larger than one twentieth of the

methacrylate) is a new copolymer its density is ¢.2 wavelength of the incident light, i.e., for large

mL™ at 250C and its transition temperature is 700cmacromolecules, in addition to those two parameters
This copolymer is used in electronics, solder tesis € z-average radius of gyration is obtained. Tioeee
etching resists, presensitized printing plates ticga the scattering of visible l'ght (_Wavelengths 40@70n)
and adhesives. The chemical formula of poly (4_from dilute polymer solution is one of the fundarnaén

: e ‘ experimental methods of the physical chemistry of
?/r:né/:gh]e-nol co-2 hydroxethyl methacrylate) is shown polymers. In the mode of what called, the static or

A poly  (4-~vinylphenol-co-2 hydroxethyl classical light scattering, we get one of the fdsddute

. ; methods (i.e., not requiring calibration) for the
tmhgwr?;lry:r?(te%)ha(rz\c/;t?dEs,Yge (;fr ol;(s:g(;ict%rérgg:ggsm&hedetermination of molecu_lar weight c_>f mac_romplecular
other pE)Iymer materials like as poly (Ethylene @jid substances. In the following, the basic applicatibthe
(PEO) to meet some new practical applications (Bpcc static light scattering is discussed:

et al., 2003). CHS
When a monochromatic and coherent light is |
incident in dilute macromolecules solution and hé t —CH, CH C —CH,

|
solvent molecules and the solute macromolecules hav x _ y
different refractive indices, the incident light Iwbe ﬁ Sl e
scattered by each illuminated macromolecule to all @)
directions (Vollmert, 1973).

OH
MATERIALSAND METHODS

Fig. 1: The chemical formula of Poly (4 VinylPhenol
The basic pieces of information yielded by a light co-2 HydroxEthylMethacrylate), (PVPh-HEM),
scattering measurement with a dilute polymer sofuti polymer
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The phenomenon of the light scattering from dilute  The value of k depends on the polymer, solvent
polymer solution is based on rigorous theory, which  and temperature. The dependence of k on the high,
combination of physical optics and thermodynamicsfourth negative power of the wavelength indicatest t
(Kratochvil, 1987; Brown, 1996). The theory is ®@&th the light with short wavelength, e.g. blue is sewattl
complex, as testified by the fact that it Wasmuch more intensely than the light with long
developed by no lesser personages than Einstein ar\Whvelength, e.g. red. For highly dilute solutiotise
Debye (19947). In the theory of light scatterin@ th gifferential ratio can be replaced with no loss of
concept of small and large particles is important. accuracy by the ratio (.n/c), which is a quantiagyeto

Smalll ?artlcleﬁl hare meahnt pﬁ“t'dtis ?r:measure, where .n is the difference between the
macromolecuies, which are much smaller than Ngqr o ive indices of the solution and solvent. the

wavelength of incident light. Such particles behage right-hand side of Ea.1 does not contain anv term
point source of scattered light. In experimentalcpice, 9 ) 9. Y
particles smaller than about one twentieth of thedepend'r19 on the scattering angle, the Rayleigio rat
wavelength, i.e., smaller than 20-30 nm, can batect for solutions of small ma_cromolecules does not ddpe
as small particles. With large particles, i.e. statarger ON the angle of observation, i.e., any angle cansel
than approximately one twentieth of the wavelergith O the measurement. _ _
light, the scattering phenomenon is affected by the With molecular solutions, the colloidal particles

intraparticle or intramolecular interference. consist of small gel particles, i.e., the coiledaioh
molecules which have become solvated with solvent t
Theory: extent that the entire gel particles consists of®99 %

Light scattering from small particles: Molecular of solvent. In this case, the refractive index bé t
parameters of a polymer can be obtained from itsolution differs slightly from the solvent refragti
contribution to the overall intensity of light staed  jndex. This gives rise to simple physical laws foe
from its dilute solution. This contribution equalse scattering of light (Siddiet al., 1997; 1998).

d|ffer_ence between the scattering Intensities @ th The basic equation describing the light scattering
solution and pure solvent. In order to eliminate th . . .
from dilute solutions of nonuniform  small

influence of specific experimental conditions, suh . .
intensity of incident beam, its polarization, getmef mgcromolecules according to P. Debye is usually
the apparatus, a quantity for the normalized seatte Written as:
light intensity, called the Rayleigh Ratio of synhig,)
has been defined. The subscri@}f denoting the angle E:i+2A2c+(3A3c3+ ...... ) ?3)
at which the scattering intensity has been measured Ry, M,
At infinite dilution, the intensity of light scaited
from a solution of uniform small macromolecules isAnd:

described by the simple Equation (Huglen, 1972):
|

2
ke _ 1 Ro =% @)
lim—2 == 1) 0
X Re Mw
With Mw the weight average molecular weight:
where
V = Scattering volume
C = Concentration of the solute A, = Second virial coefficient (Pautt al.,, 19987;
M, = Molecular weight Remsen, 1991)
R = Distance between the observer and the scajterin
2122 d volume
=N 0(?;5(1+CO§9) (2) l, = Incident intensity
A l, = Scattered intensity
Where:_ L In Eq. 3 A and A are the second and third virial
no = Refractive index of the solvent _ coefficients, respectively. The second virial cimit
A = Wavelength in vacuum of the incident light s an important thermodynamic characteristic of the
Na = Avogadro’'s number polymer-solvent system. High values of, Aare
dn/dc = The specific refractive index increment characteristics of systems with intense interaction
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between the polymer and solvent, that means ofod go scattered light intensity. In the case of spherical
solvent for the given polymer. The term with virial particles smaller than the wavelength act as inutget
coefficients in Eq. 3 describes the effect of thescattering centers generating a symmetrical eneetifp
interference  of light scattered by different scattering light intensity. In this case of smalltjzles,
macromolecules, i.e., intermolecular interferenoe, P@) is unity. But in the case of polymer chains whose
the intensity of light scattered from the solution. dimensions are ®20, scattering may occur from
To determine the molecular weight of a polymerdifferent points along the same chain. While, thenf
which molecules are small/20 (where 1 is the P™(0) is dependent upon the size and the shape of the
wavelength), we measure the intensity of lighttezatl  scattering particle and consequently provides tkans
from two to four solutions with different for their determination (Stacey, 1956):
concentrations, calculate the ratio kg/Rmost
frequently kc/B, and plot them as a function of 16M
polymer concentration. The intercept with the ais P ©)=1+ 02
ordinate gives the reciprocal value of Mw accordiog
Eq. 1 (Shereet al., 1996) and the slope of the
concentration dependence being twice the valug,of
In this simple way, i.e., through the measurement =*o /Mo =
of scattered light intensity at a single andle the <RG> =
molecular weight can be obtained but only for gieti
diameters smaller thak/20, which is only found in a
number of proteins and linear polymers. For such . . .
polymer, any observation angle can be selectecesinc “The particle scattering function &}(of randomly-
the scattering function is symmetrical. However; fo coiling molecules, as th.ey are usually fOU”‘?' In-a
experimental reasons, it is usually selected at gomacromolecular solution, is dependent on the Suaffe

(Patterson and Jamieson, 1985; &al., 1996) angle® as on the wavelength and on a quantity called
’ ’ b ' the radius of gyration.

The radius of gyration R is defined by the
relation:

(R),sirt ) (5)

In which:

Wavelength of light in the medium

MEAN square radius of gyration, which
is independent of the particle shape at
small angles

Light scattering from large particles: Light scattering
from various mass points of a large particle readhe
detector with different phase and interferes giviisg
to the phenomenon of intraparticle or intramolecula S mr v
interference, which results in a decrease in thengity  Re :{ Sm }
of scattered light. There is just one directionndiich '
no interference occurs no matter what the sizehef t
particle is, this is the direction of the incidéxetam, i.e., Where, mand r are the weight of mass point i of the
at angle of observation zero. particle and its distance from the center of theige,
Unfortunately, at this angle no measurement can bgespectively.
made, because the weak scattered beam is virfoally Thus, the radius of gyration is the square root of
in the primary beam, of intensity larger by mangess  the mean square distance of the mass unit from the
of magnitude. For practically all polymer molecules center of mass of the particle. Then, it is a galngize
occurring in common experimental practice, the mixte parameter, because its definition does not departe
of interference increases with increasing angle okhape of the particle. Unlike size parameters fipdor
observation. Unlike for small particles, for large individual particle shapes, such as radius or dianma a
particles the intensity of scattered light depeadghe  sphere, length of a thin rod, or end-to-end distasica
angle of observation. The angular dependence of theandom coil. On the other hand, these specific size
scattered intensity is pre-determined by the sizé a characteristics are much more graphic than theisaofi
shape of the scattering particles. Thus, at ledst agyration. The two types of quantities are easily
principle, it must be possible to obtain someinterconvertible using simple probability relations
information on the size and shape of the scattering The basic equation describing light scatteringrfro
particles from the angular dependence of scatteringilute solutions of non-uniform large macromolesule
intensity (Ghazyet al., 1999 Moreelset al., 1997; at finite concentrations is usually written in floem:
Bender and Lewis, 1986’ Chau and Rudin, 1973). The
factor by which the scattering intensityi$ diminished 1 167 _
by interference at an angleis called the scattering R=M{1+ N <Ré>z S"’F%)Jf }
. O 2 o
function P@), which incorporates the effect of chain
size and conformation on the angular dependence 0f2A,C+3AC+ ....
605
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Where, <RG>, is the square of the z-average radius of ~ The angular dependences are extrapolated to zero
gyration and the angle brackets indicate thatléodlile ~ angle of measurement to eliminate the intramolecula
macromolecules the value has to be averaged olver anterference and the concentration dependences are

possible conformation and the other symbols haee thextrapolated to infinite dilution, i.e., to zero
meanings defined above. concentration, to eliminate the intramolecular

For large angles, the form of@(varies according interference. Through the extrapolated points, two
to the shape of the scattering particles and has be extrapolated dependences are plotted, viz., the
evaluated for common shapes, like, uniform Sh‘,ﬂpegxtrapoIated angular dependen_ce for infinite dluti
(Rayleigh, 1899; 1903) thin rods (Nengebauer 1,942)and the extrapolated concentration dependenceefor z

; . . : ngle of measurement. Both extrapolations are
Gaussian coils which are monodispers (Debye, 1947’jonveniently made graphically in one diagram called

and polydisperse (Zimm, 1948). , _ the Zimm plot. The two extrapolations provide thesin
. Details of such partlplg scattering function arejmportant information that we need.

given Huglen, (1972) but it is interested to resstete The ordinate of the common intercept of the two

derived results in terms of the characteristic disi@n  extrapolations with the y-axis is the reciprocalueaof

D of the scattering patrticle: the average molecular weight of the polymer we
investigate. The initial slope of the extrapolatedjular

For Rods B = 12< RG > dependence for infinite dilution is proportionalttee z-
average radius of gyration and the initial slopethef

For Spheres B= 5< RG > concentration dependence for zero angle of
measurement is proportional to the second virial

For flexible coil F = 6< RG > coefficient (Frato, 2003).

In general, it can be taken as a rule: For polgmer
with small chain macromolecules with molar masses
smaller than (2x1), a standard light scattering
Jneasurement yields the average molecular weight and
the second virial coefficient.

Chain macromolecules in the molecular weight
between, approximately,(2x30and (1x10), behave as
large particles for which the molecular weight, the
kC _ 1 {HSHZDZsz(g)} 2A,C+ 3A,C+ (8  average radius of gyration and the second virial

In order quoted, D represents the length of thk ro
the radius of the sphere and the root mean squmare e
to-end distance of the coil. In the case of polyme
molecules are treated as a flexible coil, then Egan
be written in the form:

R(0) M| oN? coefficient can be determined.
For our laser light scattering measurements, the
The first term on the right-hand side of Eq. 7 chain molecules of the polymers that we used are of

describes the angular dependence of the ratio YlayR diameters larger thari/@0). Therefore, the molecular
infinite dilution. The second and potential furtiierms ~ Weight must be determined by measuring the depeeden

describe the concentration dependence of (kc/Rprt  ©f Scattered light intensity on the scattering ang|

angle of observation because for= 0 the series in  zimm plot: The Zimm treatment (Zimm, 1948) affords
parentheses reduces to unity and Eq.7 assumesrthe f the most accurate graphical procedure for the dtoin

of Eq. 3. The second term in parentheses depends @ jight scattering parameters when angular depecele
the z-average radius of gyration of the scattering:omes into play.

macromolecules, which means dependence on their siz |t js seen from Eq. 7 that the factor (kc/R) has a

but not on their shape. Only the third and furtherinear dependence on the concentration ¢ (for anmst
molecules are too small to enable us to reliablyangle of observation) and a linear dependence mn si
determine the shape of the scattering molecules. (6/2) {if the concentration ¢ is held constant}.

Equation 7 tells that, in order to determine the  The first step in the construction of Zimm plot is
molecular weight, the z-average radius of gyraed  to carry out angular distribution of light scattegi
the second virial coefficient of a polymer soluted measurement at different constant concentrations
given solvent, angular dependences of the scafterinfrom 30-150° as shown in Fig. 4. The results
intensity have to be measured for several (usdhiise  obtained are plotted graphically as (kc/R) versia c
to four) solutions with different concentrationsheh, constant angled and (kc/R) versus sin@@) at
the values of the ratio (kc/R) are calculated ftir a constant concentration c.
experimental points and two sets of dependences are That graphical representation yields a series of
constructed, the angular dependences of (kc/Rjretant  straight lines which can be extrapolated to thenarte
concentrations and the concentration dependences ahd therefore, permit determination of (kc/R) at@
(kc/R) at the individual angles of measurement. and (kc/R) ab—0.
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Therefore, in Eq. 7. and also yield straight lines. In both plots theaight
At c—0, we can get the form: lines are extrapolated to the (kc/R) axis to getwhlues
of zero lines. As shown in Figs. 4-5 for Methanota

kC_ 1| 1 167 ., 8 Figs. 6-7 for DMF.
R—B_M—W M—W+3)\2 <Ré>8|n2(5) (9)
And also ab - 0, the equation will be in the form: g, 1O
6e-5
LOSE YN (10) S
R, M, g

According to the above equations, the values of
(kc/R) as a function of the concentration ¢ at ¢amnis
angle of observatiofi and (kc/R) as a function of the
angled at constant concentration c are obtained. Then,
they are represented in a new graph (Zimm graph) as ¢ s %0 100 120 140
Stra'ght |IneS 6 (scattering angle)

In the same single diagram, one plot (kc/R) versu
sirf(6/2)+Kc. Choosing the value K to make the
concentration term comparable with %@i2) and
extrapolate the resulting lines at constant comagon
and constant angle to give a grid. The extrapolated
points at different angles for zero concentrations

?:ig.Z: The angular distribution of light scatteyin
measurements for Poly (4-vinylphenol.co-2
hydroxethyl methacrylate) Solved in Methanol
at different concentrations

Be-5

(according to Eq. 9) are extrapolated to zero arigle 7es e
to cut the kc/R axis and similarly the points ofae o /
angle at different concentration (according to EQ) 5 Y o/

are extrapolated to zero concentration. Ideallg, ttho
extrapolations should cut the (kc/R) axis at thmesa
point. The reciprocal of the intercept,

[ke/Rl[ke/R]" °is equal to the weight average 265 \‘“‘* .-’/2:;;
c=0 . 2 e
molecular weight of the polymer. \\M“ %

The initial gradient of the graph at zero angles 0
gives a measure of the second virial coefficient A
Thus, A =1/2 (Initial slope ofd = O line). The mean o ) ]
square radius of gyration 2& is gi\/en by the F|g3 The angular distribution of |Ight scatteyin

intercept and initial slope of the line ¢ = 0 (ial., measurements for Poly (4-vinylphenol-co-2
1997; Wu, 1997). hydroxethyl methacrylate) Solved in DMF at
different concentrations

Intensity (1)
® & 8
in n G
;3 /
// A
\
\\
& >
9 o
3.4 W
% &

40 80 &0 100 120 140
2 (Scattermg angle)

Experiment: The details of the experimental
arrangement concerning to the phenomena of thie stat
laser light scattering was explained in the literat
(Ghazyet al., 1999; 2009).

Kl

RESULTSAND DISCUSSION

Figures 2-3 represent the angular distributiothef
scattering intensities with two different solventbe
methanol and DMF. -2

For both solvents, a plot of (kc/R) as a functidn C (znl)
the concentration is constructed at constant observ
angle; corresponding to thosé) (values we obtain Fig. 4. kc/R of poly (4-vinylphenol-co-2 hydroxethyl
straight lines. Also, a plot of (kc/R) at constant methacrylate), solved in methanol, as a function
concentration as a function of $i#/2) is constructed of the concentration ¢ at constant angle
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Fig. 5: kc/R of poly(4-vinylphenol-co-2 hydroxethyl
methacrylate) solved in methanol, as a function
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of the observation angle at
concentration
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Fig. 8: Zimm plot of poly (4-vinylphenol-co-2
hydroxethyl methacrylate) solved in methanol
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Fig. 6: kc/R of poly(4-vinylphenol-co-2 hydroxethyl v Y el «
methacrylate), solved in DMF, as a function of
the concentration ¢ at constant angle ] ) )
Fig. 9: Zimm plot of poly (4-vinylphenol-co-2
A hydroxethyl methacrylate) solvedin DMF
= 4%
e e '36 Zimm plot can be drawn for the both solvents by
e ﬁf—i’"ﬁ _#_A,__F—‘—'fﬂi»' using 5 different concentrations of solutions and 5
5 Full PR il = 08% scattering angles. This makes a grid of 25 data The
I 400 sl P . extrapolation values for (kc/R)c=0 versus theé($it2
= — = 0. 4%
il (at c=0) values are plotted. Also the extrapalat
Sa-5 & L] . — = e
2 = v e=fd values from (kc/R) = 0 are plotted versus the
roes R concentration ¢, at si/2) = 0. To obtain two
straight lines which represent the zero lin@he
255 ! . ' : intercept of this two lines with the ordte
1 1.2 1.4 . .
b ® swen = yield (1/Mw). From the slope of line at ¢ = 0, w@&n

obtain the value of RG and the initial slope ofelin

Fig. 7: kc/R of poly(4-vinylphenol-co-2 hydroxethyl sin’(6/2) = 0 is equal to 2A2. Zimm plots are shown in
methacrylate), solved in DMF, as a function of Fig. 8 for Methanol and Fig. 9 for DMF, respectivel
the observation angle at constant concentration cTable 1 shows the obtained values.
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Table 1: Results  for — poly  (4-vinylphenol-co-2  hyetiyl  Hyglen, M.B., 1972. Light Scattering from Polymer
methacrylate) at different solvents where D isrba mean . .
square end-to-end distance of the coil i.8.zB <Rc> Solutions. Academl(_: PressINC(I._ondon) Ltd.
Measured values at= 488nm Huglen, M.B., 1972. Light Scattering from Polymer
Solutions. Academic Press INC (London) Ltd.

Kratochvil, P., 1987. Classical Light Scatteringr

Solvents M (@mol™)  Axmol.mLg? Rg(nm) D(nm)
Methamol 44748.18 4.39640e-4 115 282

DME 4528452 1.659366-4 113 277 Polymer Solutions. Elsevier,Amsterdam, 1987.
Li, M., M. Jing, L Zhu and C.Wu, 1997.
CONCLUSION Macromolecules, 30: 2201.

We have constructed an experiment for measurinaﬂoreels’ E., W. De Cenuiuck and R. Finsy, 1987.
the angular distribution of light scattered intéyisat J.Chem.Phys., 86: 618. .
scattering angles from (40-150°). The angularNengebauer, T., 1942. Ann. Phys. Lepsig, 42: 509.
distributions of scattered intensity of poly (4 Patterson, P.M. and A.M. Jamieson, 1985.
vinylphenol-co-2 hydroxethyl methacrylate) in two Macromolecules, 18: 266.
different solvents; Methanol and DMF at five di#et  payl, C.w. and P.M. Cotts, 1987. Macromolecules,
concentrations. By using this data in a Zimm pla w 20: 1986.

calculated the molecular weight of polymer at the t . Cn .
solvents. Also another important information is Rayleigh, L., 1899. Scientific Papers.vol. |, Urisiey

calculated using the same Zimm plot that is theséc Press, Cambridge, pp: 518-536.
virial coefficient A for the two solvents. The large Rayleigh, L., 1903. Scientific Papers. vol. 1V,
value of A2 for Methanol indicates that it is thetter University Press, Cambridge, pp: 397-405.

as a solvent for this polymer. The radius of ggnatat Remsen, E.E., 1991. J.Applied Polymer Sci., 42: 503

the two solvents is also calculated. This proves tihe  Rocco, A., C. Bielschowsky and R. Pereira, 2003.
can use this experiment to determine the precifeeva Polymer. 44: 361.

of the molecular weight for unknown polymers. Shere, A.J., M. Sethumadhavan, R. Stein, R.F. Saraf
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