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Laser light scattering (LLS), including both angular dependence of the absolute
scattering intensity (static LLS) and of the line-width distribution G(I') {dynamic
LLS), were used to characterize two kinds of paugi-chain polystyrene (PCPS) micro-
latices (latex-1 and latex-2). Each PCPS particle contains only a few linear un-
crosslinked polystyrene chains. In static LLS, the weight-average particle molar
mass (M) was measured; and simultaneously in dynamic LLS, the diffusion coef-
ficient distribution was obtained from Laplace inversion of precisely measured
intensity-intensity time correlation function. -Our results reveal that, on average,
latex-1 and latex-2 contain ~13 and ~7 linear polystyrene chains, resp. A combi-
nation of both static-and dynamic LLS results enables us to calculate the average
density of PCPS: Ourresults have also shown that the particle density of latex-1 and
latex-2 are 0.90 and 0.80 g/cm?®, respectively;, which are lower than the density of
conventional polystyrene latex particles or bulk polystyrene. Our results imply that
the particle density decreases as the average number of polystyrene chains inside
the particles decreases. '
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v INTRODUCTION
{croemulsion polymerization started about 20
years ago (1). Since then, it has become a rapidly
developing research field. It is known that narrowly
distributed spherical polystyrene {PS) microlatex par-
ticles can be made by microemulsion polymerization.
These polystyrene latex particles have been exten-
sively used in research and industrial applications.
Usually, a conventional PS latex particle contains
many crosslinked polymer chains. Recently, Guo etal.
(2) showed that it was possible to prepare pauci-chain
polystyrene (PCPS) microlatex particlés by a free rad-
ical polymerization of styrene in microemulsion with-
out adding crosslinking agent, namely, each particle
contains only a few linear uncrosslinked polystyrene
chains. Unlike conventional polystyrene latex parti-
cles or bulk polystyrene in which a polymer chain
occupies only a few percent of its total accessible
space, as predicted by Flory for a random coil chain
" (3}, the polymer chains Inside a small PCPS microlatex
" particlé are much confined in space. Therefore, PCPS
has a higher density. However, Qian et al. (4) have
predicted that PCPS has a lower density in compari-
son with conventional polystyrene latex particles or
bulk polystyréne (1.05 g/cm®) on the basis of chain

* To whom correspondence should be addressed.

rigidity. This prediction has been confirmed by Wu et

al. (5).

The next question is when a PCPS particle will lose
this unique lower density as the number of polysty-
rene chains inside a PCPS particle increases. To an-
swer this question, we have to establish a reliable
method to determine on average how many chains
each PCPS particle contains and the density of the
PCPS particles. In the following, we will demonstrate a
recently established laser light scattering (LLS)
method by using two different kinds of PCPS microla-
tex particles.

LASER LIGHT SCATTERING (LLS)

In static LLS, the angular dependence of the excess
absolute time-averaged scattering intensity, known as
the excess Rayleigh ratio [R,,(6)], was measured. For a
dilute solution at the concentration C (g/mL) and the

‘scattering angle 8, R,(6) can be approximately ex-

pressed as (6):

KC
Rol6)

where K = 4#°n2(dn/dc)?/{N,AY) and q = 47 /A, sin
(6/2) with N,, dn/dc, n; and A, being Avogadro’s con-
stant, the specific refractive index increment, the sol-
vent refractive index and the wavelength of light in
vacuo, respectively. M,, is the weight-average molar

1 1
(1+ (Rz),q)-f-ZAgC - (1)
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mass; A,, the second virial coefficient; and (R2);’%, or
written as R, the z-average root-mean-square ra-
dius of gyration. By measuring R, (6} at a set of C and
6, we can determine M,, R, and A, from [KC/
Ry(8)lgoc0: [KC/R,6)legy vS. ", and KC/Ry(lly-o
vs. C. ’

In dynamic LLS, an intensity-intensity time corre-
lation functiori G (¢, ‘9) in the self-beating mode was

measured, which has the form of (7, 8).
G (t, 8) = (It, 6)I(0, 9)) = A[1 + Blg'(t, 0)*] (2)

where A is a measured baselme; B, a parameter de-
pending on the coherence of the detection; t, the delay

time; and g''(¢t, 8), the normalized first-order electric’

field time correlation function. For a polydisperse
sample, g'"\(t, ) is related to the line-width distribution
GO by = |

v T

g™, 8) = (E(t, HEXO, 8)) = f G(TeT dl (3)

The widely accepted Laplace inversion program CON-
TIN (9) was used to calculate G{I') from G*%\t, 8). Nor-
mally, I is a function of both C and 6(10). At C - 0 and
9 — 0, T is related to the translational diffusion coef-
ficient D by I'/¢® = D. D can be further related to the
hydrodynamic radius R, by the Stokes-Einstein equa-

tion, R, = kgT/(6mmD) with ks, T and 7 being the '~ sity.

Boltzmann constant, the absolute temperature and
the solvent viscosity, resp. '

EXPERIMENTAL

Sample Preparation

Two kinds of PCPS microlatex particles, denoted as
latex-1 and latex-2 hereafter, were made in the Insti-
tute of Chemistry, The Chinese Academy of Sciences,
Beljing, China. The compositions of the microemul-
sion for preparing latex-1 and latex-2 are as follows:
{6.00 g styrene plus 0.26 g sodium dodecyl sulfate
(SDS)) and (5.00 g styrcne plus 0.24 g SDS} respec-
tively in 300 g water. The microemulsion polymeriza-
- tlon was - carried at 70°C for 20 h with potassium
persulfate used as an initiator. After the polymeriza-
tion, most of the stabilizer (surfactant) molecules were
removed by an ion-exchange procedure. The particles
. are stable in water for a few weeks. Such prepared

’ . PCPS particles can be harvested and completely redis-
. salved in THF to form a polystyrene solution. The

weight-average molecular weights of the linear poly-
styrene chains measured by size exclusion chroma-
tography (SEC) for latex-1 and latex-2 are 1.08 X 10°
and 7.24 X 10° g/mol, respectively.

Instrumentation

A commercial LLS spectrometer (ALV/ SP-150, Ger-
many) equipped with an ALV-5000 multi-r digital cor-

relator was used with a solid-state laser (ADLAS -

DPY425I1, Germany; output power ~ 400 mW at A =
532 nm) as the light source. The laser beam is verti-
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cally polarized. In our present setup, the coherent
factor B in dynamic LLS is ~0.85, which is rather high
for an LLS spectrometer which is capable of doing
both static and dynamic measurement simulta-
neously. The details of LLS can be found elsewhere (7).

... It is vital in static LLS to have a precise value of
dn/dC, since the measured M, is proportional to (dn/
.dCy*. Recently, a novel differential refractometer was

designed and constructed in our laboratory (11),
which has been incorporated into our LLS spectrom-

~eter, wherein the laser, the thermostat, and the com-

puter are shared. This enables us to measure dn/dC
and the scattered light intensity under identical ex-
perimental conditions, so that the wavelength correc-

" tion is eliminated.

RESULTS AND DISCUSSION
Figure 1 shows a typical plot of the refractive index

increment (An) vs. concentration C for latex-1. The

concentration ranges from 6.17 X 107° t0 3.07 X 10™*
g/mL and the solvent is deionized water with resistiv-
ity of 18.1 MQ - cm. The value of dn/dC determined
from the slope of the fitting is (0.229 % 0.002) mL/g at
T = 25°C and A = 532 nm, which is lower than 0.256
mL/g for conventional polystyrene latex particles (5).
This indicates the density of PCPS is lower than con-
ventional polystyrene latex particles or bulk polysty-
fene since the refractive index is proportional to den-

Figures 2 and 3 respectively show a typical angular

‘and concentration dependence of KC/R,,(6) for latex-1

at T = 25°C. For each concentration, the angular ex-
trapolation leads to a corresponding {KC/R,(6}lp.0.
The extrapolation of [KC/R,,{6)l;, to infinite dilution
leads to [KC/R,(0)];0c.0 and further to M, on the
basis of Eq 1. The values of M,, of latex-1 and latex-2
are listed in Table 1. It should be noted that the ap-
parent data noise in Figs. 2 and 3 are due to small
ordinate scales. Actually, the noise is small. After

* comparing the particle mass M,, of latex-1 and latex-2
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Fig. 1. Typtcal plot of refractive index increment (An) vs. con-

centration (C) for latex-1 at T = 25°C and A, = 532 n. The
specific refractive index increment dn/dC calculated from the
least-squares fitting (the line) is 0.229 ml/g.
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Fig. 2. KC/R,(0) vs. ¢ for latex-1 at C = 1.86 X 10~° g/ml at
= 25°C, where 6 ranges from 15° to 150°.
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Fig. 3. [KC/RW(O)IM vs. C for latex-1'at T = 25°C, where C
ranges from'1.86 X 10" t0 9.28 X 107%g/mL. -
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with previous: determined M, values of individual lin-
ear polystyrene chains, we cancalculate that on aver-
age each latex-1 and latex-2 particle co,ntains ~13
and ~7 linear polystyrene chains, respectively.
Figure 4 shows a typical: measured intensity-inten-
stty time correlation function for latex-1 at C = 9.28 X
107® g/ml and 6 = 20°. G can be gbtained from the
Laplace inversion of the measured time correlation
function. From G(I'), we can calculate the z-average
iine width ' =3 G(I'T dI' and the distribution width
g (= f"G(r)(r I')2dI’). Experimentally, we found that
[ is independent of both C and 6. This is understand-
able because the: partlclc size 1s, relatively small and
the solution is dilute. As mentioned, I' can be con-
verted to D or R,, so that G(T') can be converted into a
translational diffusion coefficient distribution, G(D) or
a hydrodynamic radius distribution f(R,)..
Figure 5:shows a typical translational diffusion co-
efficieiit: distrtbution- for latex-l at § = 20°and T =
* . .25°C, where-C = 9.28 x 107° g/mL. The average val-
i _ues of D= 2 GDD dD] and R, [= [5f(RJR, dR,]at C
"~ 0 and 6§ -» O together with the values .of the

2970

WEE oy

i

Pl

79

relative distribution width (u,/D? of G(D) are also
listed in Table 1. The ratio of R, /R, for latex-1 is very
close to a theoretical value of”f3/5)“ ? for a uniform
sphere, which indicates that latex-1 and latex-2 are
uniform spherical particles (12}.

Using the valucs of M, and R, listed in Table 1, we

- can calculate the apparent density of PCPS latex

particles by respectively replacing the particle molar

. mass M and radius R with M,, and R, in the following

definition:

M=[(4‘n-/3)R3p]NAj"E~ o (4)

" Such calculated denstty values for latex-1 and latex-2

are only 0.505 g/ cm® and 0.466 g/cm®, much lower
than 1.05 g/cm® for conventional polystyrene latex
particles and bulk polystyrene (), which are unlikely
to be true. These are only apparent densmes because
Eq 4 is valid only for a moriodispersed case. Therefore,

. we have to consider not only the distributions of the

particle mass (M) and particle size (R). but also the fact
that M, and R, are different averages by their defi-
nitions.

In this study, we have adopted a different way to
calculate the particle density (p), wherein we started
with G(D) instead of D, M instead of M,, and R instead
of R,. On the one hand, in dynamic LLS, according to
the definition of |g"” (¢)}, when t =0,

|2 (B)]emo = {E() E*(0)) o = f G(T) dI'=(I) (5)
. ) <

On the other hand, in static LLS, at C - 0 and § — 0.
the net scattered intensity ‘

(I)dtf Ju(MIM dM (6)
0

where f,(M) is a differential molecular weight distribu-

tion. A comparison of Egs 5 and 6 leads to

. f G(I') dI'= f FulM)M dM
0 0

or

f G(D) dD«f SolMIM dM (7)
0 [

we have used the fact that I’ = Dg® and q is a constant
for a given A and 6. Equation 7 can also be expressed as

j G(D)D d{in D) « j folM)M? d(ln M) (8)

0 ‘0

" where d(In M) « d(In R) and d(In R,) = d(In D) according
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Table 1. Summary of Both Static and Dyn.amlc LLS Results of Latex-1 and Latex-2 in Water at 25°C.

" Fig. 4. Typical measured intenstty-tritensity time correlation

‘ _ﬁmcttonforlatexl(C‘=928x10"’g/m.L)at9 20°and T =
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Fig. 5. Typical translational diffusion éoe_[ﬂctent distribution
Sforlatex-1 atc = 9.28 X 10°° g/ml. 6 = 20° and T = 25°C.

to Eq 4 and the Stokes-Einstein equation, respec-
tively, so that Eq 8 can be rewritten as

f G(D)D d(In D)orj JoMIM?* d(InD) (9)

0: . a Co

A comparison of the both sides of Eq 9v1eads to
FuM=GDID/M? (10)

Using Eqs 10 and- 4, we can calculate the weight-
average molar mass of the latex particles according to
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dn/dC M, _
Sampie il gimol .. R,/nm Dicn¥/s R,/nm udT? R,/R, . 575111
Latex-1 -~ . 0229 149x10° 155 114 x 1077 226 0.055 07" 08
Latex-2 . 0.229 5.44 x 10° g 153% 107 - 167 0.045 - 0.8
" 0.80° the definition of M,,
. % »
< 060 ¢ -.(Mw)caiz"f fw(M')MdM/ffw(M)de'
fr— S 0 f_“: . O
i 0.40
i -] - et e gL . ) » . =
DR S T AT B oY = G(D)DM" dM/ G(D)DM™? dM
= : Q% TIWOTOE Ne Lo and . . 0 .
< 0.20 URY (UGN ‘ ', : " o
-0 020} Oy e s _ v
T %000 B f G(D)D d(In M)/J. G(D)DM™! d(ln M)
‘Ap 0.00 . - ‘:o‘oq'o;Q'nn o a 0
0,00 250 500 7.50- - 10.00 j e S
' T G(D)D d(In D)/ G{D)DM™ d(in M)
t / ms R i

G(D)D dtn D) / f G(D)DM™! d(in D)

*]

3",‘ —

(§ pNA)( ) f G(D)dD/’f G(D)D® dD
] ) ’

" ap

where we have used that M = (4/3)mpR°N,, D = kzT/
(6mpR,}) and R, = R. In Eq 11, (M, ).,; can be replaced by
M, measured from static LLS and G(D) can be ob-
tained from dynamic LLS. Therefore, the only un-
known parameter p in Eq 11 can be calculated from a
combination of the static and dynamic LLS results.
The calculated values of p for latex-1 and latex-2 are
0.71 and 0.68 g/cm?, respectively. Such calculated

“densities of PCPS latices are still much lower than

conventional polystyrene latex particles or bulk poly-
styrene (known as 1.05 g/cm®). This might be partially
attributed to a larger intersegmental ‘distance in
PCPS, namely in PCPS the intersegmental crossing

_occurs mainly within one polymer chain (i.e., the in-

trachain crossing) becauise each PCPS particle con-
tains only a few chains. However, in conventional PS
latex particles or bulk polystyrene, the interchain
crossing will be dominant. Since polymer chains have
a certaln degree of rigidity, the intrachain crossing
should be more difficult in comparison with the inter-
chain crossing, which leads to a larger intersegmental
spacing and a lower density. This lower density might
also be attributed to the larger apparent hydrody-
namic radius, because of the rough surface and trace

" amounts of surfactant remained on the particle sur-

face. It is known that the surfactant layer thickness (b)
is ~50% of the surfactant chain length (13). Therefore,
R should be the differénce between R, and b, i.e., R =
R, - b. In this way, on the basis of Eq 4 and R, =

2971
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Do kel _keT 1 (k5T> 1 1

=61r'th=6‘rrnR+b= 6mn/ 1+b/RR

_ (kgT/67n)((4/3)wpN,)* '3
" 1+ b(4mpN,/3M)T73

M-l/3 (12)

InEq 12, 1 + b(4mpN,/3M)"’® can be approximated by
1 + b(4mpN,/3M,,)""® because b ~ 1 nm which is much
smaller than R = [3M/(4mpN,)|'’%. Therefore, Eq 11
should be

NOMENCLATURE

LLS = Laser light scattering.
Polystyrene.
PCPS = Pauci-chain polystyrene.
dn/dC = Refractive index increment.
(R5)'"2or = Z-average root-mean-square
radius of gyration.
A, = Second-order virial coefticient.

o

(M. (kgT/6mn)%((4/3) mpN,) M, = Weight average particle molar
wlecal = 17393 mass.
[1 + blampN,/3M) ] M = Particle molar mass.
® ® JolM) = Weight average molar mass
f G(D) dD / f G(D)D?® dD (13) distribution.
0 0 I' = Line width.
’ G(I'}) = Line-width distribution function.

There is only one unknown parameter p in Eq 13. We D = Translational diffusion coefficient.

can recalculate p from M, and G(D} obtained from
static and dynamic LLS, respectively, on the basis of
Eq 13. Such calculated particle densities of latex-1
and latex-2 are 0.90 and 0.80 g/cm?, respectively, as
listed in Table 1. These values of p are close to previous

G(D) = Translational diffusion coefficient
distribution function.

z-average root-mean square
hydrodynamic radius.

p = Density.
results on a similar microlatex system (5). It should be 8 = Coherent factor.
noted that p calculated in this way contains ~ +5% q = Scattering vector.
error. 7 = Solvent viscosity.
g'"¢t, ) = The normalized first-order electric

CONCLUSIONS

The characterization of two kinds of pauci-chain
polystyrene (PCPS) microlatices (latex-1 and latex-2)
has been accomplished by using a combination of
static and dynamic laser light scattering results. Qur
results showed that on average each latex-1 and la-
tex-2 particle contains ~13 and ~7 linear un-

field time correlation function.
G® (t, 8 = Intensity-intensity time correlation
function.
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