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ABSTRACT: The spatial inhomogeneity and the chain dynamics of polystyrene gels prepared by random cross-
linking of functionalized polystyrene in semidilute toluene solution were investigated by static and dynamic light
scattering. From polymer concentrations as low as 0.02 g/mL, continuous macroscopic gels were obtained, while
at 0.01 g/mL, only microgels formed. In the concentration range-600@5 g/mL, the static correlation length,
deduced from the angular dependence of the excess scattering intensity by the-Bebgiee method, increases

from ~10 to 50 nm with rising concentration, while concurrently the root-mean-square concentration fluctuation
decreases markedly. The spatial concentration fluctuation approaches the mean concentration at the gelation
threshold, whereas at 0.05 g/mL, it amounts to only 10% of the mean. A quantitative comparison with some
literature data shows that random cross-linking leads to less heterogeneity than cross-linking copolymerization,
when gel formation takes place at the same concentration. The dynamically fluctuating (liquidlike) scattering
component, obtained from dynamic light scattering, equals that of a corresponding polymer solution only at
concentrations well above the gelation threshold. At the lowest polymer concentration where a continuous gel
was obtained, it is appreciably higher than that of a solution. Presumably, this difference is caused by the sol
fraction consisting of highly branched structures or cross-linked clusters, which contribute substantially to the
scattering just above the gelation threshold.

1. Introduction network formation. The heterogeneity of networks made via
Polymer gels are three-dimensional polymer networks swollen this route has been studied extensively by light scattering and

by a large amount of solvent. The presence of liquidlike behavior N€utron scattering:~2 _ _
on molecular length scales combined with solidlike macroscopic  Another way of gel formation consists of random cross-
properties makes them very unique systems and important inlinking of polymer molecules in semidilute solutiéf.>* One
many industrial processég2olymer gels are roughly classified Would expect that the structures thus obtained are less inho-
into chemical gels and physical gels, depending on whether themogeneous and that inhomogeneity becomes significant only
cross-linking is achieved by covalent bonds or physical interac- When the polymer concentration is low and approaching the
tion, such as hydrogen bonds, electrostatic interaction, or overlap threshold. In this paper, the inhomogeneity of polysty-
hydrophobic association. In this paper, we will focus solely on ene gels prepared from polymer solutions was studied by static
chemical gels. and dynamic light scattering. Linear polystyrene was first
The structure of polymer gels is topologically frozen by the randomly functionalized with aminomethyl groups. Cross-
cross-links. This fact leads to spatial inhomogeneity of cross- linking of this functionalized polystyrene in semidilute toluene
link density and/or polymer density on length scales typically soluthn was ach|eved_ via reaction with terephthaldialdehyde.
on the order of 16100 nm. The inhomogeneity of polymer We will show h.ow.the mho_mogenelty of these gelg, fprmed by
gels gives rise to excess light scattering, and a number of random cross-linking of existent macrqmolecules, is mﬂuenced
theories or models have been proposed to interpretthi®ne by polymer concentration and cross-linker concentration.
of the clearest manifestations of the inhomogeneity is the =~ Some investigations on polystyrene networks prepared in a
appearance of a speckle pattern: when the scattering volumesimilar fashion are known from the literatu¥e34 It is stated
is sufficiently small, as usual in dynamic light scattering in some of these papers that such systems are more homoge-
experiments, it is observed that different locations in one sample neous than corresponding networks obtained e.g. by free-radical
scatter differently-0-14 copolymerization of styrene with divinylbenzene, but no attempt
There is agreement that the inhomogeneity of gels is Was made to obtain a quantitative measure of inhomogeneity
controlled by the way of introducing the cross-links. Chemical in the gel state. On the other hand, it was reported that the cross-
gels are often prepared by free-radical copolymerization of linking copolymerization of styrene with divinylbenzene leads
monomers and cross-linking agents. At the beginning of such to macroscopic gels only when the concentration is above 0.2
polymerization, extensive cyclization and multiple cross-linking 9/mL, while at lower concentrations just microgels are forrffed.
reactions take place, leading to rather compact clusters orFrom our own experience, the minimum concentration to obtain
microgel particles in the pregel state. As the reaction proceedsmacroscopic polystyrene gels by cross-linking copolymerization
to higher conversion, gelation occurs by interconnecting these is around 0.15 g/mL. On the contrary, the gels discussed in this
objects to form a continuous network. The resultant gel then is Paper were made at concentrations as low as 0.02 g/mL.
kind of an assembly of microgel clusters tied loosely together, . )
and the heterogeneity still reflects the intermediate stage of the2- Experimental Section
2.1. Preparation of Polystyrene GelsPolystyrene gels were

*To whom correspondence should be addressed. E-mail: prepared by cross-linking poly(styreee-aminomethylstyrene)
wilhelm.oppermann@tu-clausthal.de. [P(Sco-AMS)] with terephthaldialdehyde in toluene solution. To
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Scheme 1. Synthesis of P(8s-AMS) (a) and Cross-Linking of Table 1. Details of Sample Preparation, Notations, and Relevant
P(S<o-AMS) with Dialdehyde (b) Results
(a) o) sample  Cps ceL Go Vet Vefilvn & P0x
0 0, Y
-, + ()::N—CHZCI% g +HCl no. (g/mL) (mol%p (kPa) (mol/m®) (%) (nm) 10
v B X G1-3¢ 0.01 3.33 15.6 10.6
0 O ] G236 002 333 109 227
o] G3-30 0.03 3.33 0.34 9.85 296 355 5.06
N G4-30 0.04 3.33 0.67 14.50 436 65.7 3.36

G5-30 0.05 3.33 151 26.66 8.01 69.7 237

[0) © G5-50 0.05 2.00 0.85 14.99 751 523 1.44
+ ©::N~CH CH3NH,, 1,4-dioxane G5-75 0.05 1.33 0.40 7.00 527 473 0.72
X y 3 30°, 72 hrs G5-100 0.05 1.00 0.31 5.45 546 313 0.60
O O fo) G5-206 0.05 0.50 26.7 0.29
a2 The mole ratio of aldehyde groups to the repeat unit of €&¢&MS).
NH, b Only microgel formed¢ Gels are so soft that it was impossible to measure
. the modulus.
(xzy = 1:27)
(b) Q groups in the cross-linker. The quantityp1$ also denoted as cross-
O [OH,N linker concentration.
..... /,—QJ 2.2. Shear Modulus MeasurementsThe shear modulus of the
O NH20 Q polystyrene gels was determined by static uniaxial compression of
a cylindrical sample (typical length: 280 mm; diameter: 14 mm)

and measuring force and deformation. The shear mod@uss

given by the slope of a plot of the true stressys the deformation

function,A2 — 171, whered = L/Ly andL andL, are the lengths of

the deformed and undeformed sample, respectively. The measure-

ments were performed at 2&€ on gels in their as-prepared state.
2.3. Static Light Scattering Measurements Static light scat-

obtain the P(£0-AMS), we started from polystyrene and func-
tionalized part of the phenyl groups witichloromethylphthalimide
via a Friedet-Crafts reaction. Subsequent aminolysis with methyl-
amine produced the required copolymer with amine functionafies. ‘ .
The whole preparation procedure is depicted in Scheme 1. tering measurements were carried out at@5n the angular range

Polv(styreneco-p-N-methviohthalimidestyrene). 5.2 g of poly- 40°—145 usingag(_)niometerSLS-Z equipped_witha—HdEIaser
styrenye( tﬁ)/llw — 3_3% % 105ygF;mo| IMJV/Mnty: 2_)1 BAgSF)pw{a/s (A = 632.8 nm). This corresponds to a scattering vector range of
dissolved in 150 mL of freshly distilled dichloromethane. 0.4 g of = 1 X 10°~2.9 x 10° cm %, whereq = (4zn/4) sin(6/2) with 6,
N-chloromethylphthalimide and 3 mL of SnGkere added drop- A, andn being the scattering angle, the wavelength of the incident

wise, and the mixture was stirredrf6 h under argon at 36C 33 light in a vacuum, and the refractive index of the medium,
Theﬁ a drop of tetrahydrofuran was added to stop the reaction. 'espectively. The absolute intensity was calibrated against a toluene

The solution was diluted with dichloromethane and precipitated in Standard. To obtain correct spatial averaging, 10 measurements at
methanol. The precipitate was collected by filtration and dried under différent sample positions were made, achieved by a rotation and

vacuum at 38C. FTIR (thin film),» (cm™%): 1717 (G=O(N)). H up-and-down movement of the cuvette between successive mea-
NMR (400 MHz cDCY), 6 (ppm’)' 1.16-2.25 (br, 6H), 4 75 (br surements. The excess scattering of the gel was determined by
2H), 6.20-7.40 kbr 13,_'|) 767 (br éH) 784 (b’r 2|_i)_ ' ' measuring the total scattering intensity of the gel and subtracting

The degree of substitution of the polystyrene was estimated by € scattering intensity of a polymer solution having the same
the area ratios of the peaksdt= 4.75, 7.67, and 7.84 ppm polymer concentration. _ . .
= 6.20-7.40 ppm inH NMR spectra. The mole ratio of 2.4. Dynamic Light ScatFerlng (DLS).Dynamic light scattering
methylphthalimide groups to the repeat unit of polystyrene is 1:27. Measurements were carried out at 25 on an ALV/DLS/SLS
Poly(styrene<o-p-aminomethylstyrene). 5.2 g of dried poly- goniometer with a multie digital correlator 5000E (ALV, Langen,
(styreneeo-p-N-methylphthalimidestyrene) was dissolved in 150 Germany). A So_“d'State laser (ADLAS DPY 135, output power
mL of 1,4-dioxane, and 10 mL of an aqueous solution of8H, 100 mW at, = 532 nm) was used as the light source. At a
(40%) was added dropwise. A white precipitate appeared as soonSCaltéring angle of 90the time-averaged scattered |r;tensﬂrﬁ,
as CHNH; solution was added. The reaction mixture was left at and its time-averaged intensity correlation functigffi(z) — 1,
30°C for 72 h, filtered, and then precipitated in excess methanol. Were obtained. Ensemble averaging was performed by taking such
The precipitate was collected by filtration and dried under vacuum 9dat@ at least at 100 different sample positions.
at 35°C3637FTIR (thin film), v (cm™): no signal at 1717 (indicates

complete removal of phthalimide groupsH NMR (400 MHz, 3. Results and Discussion

CDCly), 6 (ppm): 1.16-2.25 (br, 6H), 3.75 (br, 2H), 6.207.40 3.1. Shear Modulus.The measured shear modul@s, serves
(br, 13H), no signals at 7.67 and 7.84. the purpose of a macroscopic characterization of the Gglis
Polystyrene Gels.Solutions containing 0:10.5 g of P(Seo- related to the effective network density (number of effective

AMS) in 8 mL of toluene (spectra grade, Aldrich) were prepared. network chains per unit volume of the drv netwo by38
Likewise, solutions of 1.6210.74 mg of terephthaldialdehyde P y vér) by?

(cross-linker) in 2 mL of toluene were made. Corresponding G
solutions were filtered through a/Am PTFE membrane directly po =2 (1)
into the dust-free light scattering cuvettes to obtain a total volume eff ARTp,

of 10 mL in each case. The mixed solutions were stored for several

days at 25°C to allow for the cross-linking reaction to proceed. \yhereR, T, and¢yo are the gas constant, the absolute tempera-
The polymer content in the gels thus obtained is in the range of ;e and the polymer volume fraction at sample preparation.
0.01-0.05 g/mL, and the mole ratio of aldehyde groups of the cross- Als the structure factor wit = 1 for an affine network and

linker to the repeat unit of P(8e-AMS) is in the range of 1:30 = . ; .
1:200. Similar gels for modulus measurement were prepared in glasgA = 1 — 2ff for a phantom network being the functionality

tubes with the two ends sealed by Teflon caps. The details of the Of the cross-links. Swollen networks are generally considered
preparation and the sample notations are listed in Table 1. A gel @S phantom networks; henog= 0.5 in the case of tetrafunc-
sample is denoted &b, wherea is polymer concentration in 0.01  tional cross-links.¢o is calculated from the initial polymer
g/mL andb is the ratio of polymer repeat units and the aldehyde concentration. CDV
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2000 concentration. Therefore, the excess scattering intensity of
(a) ls polymer gelsRe(q), was determined by taking the difference
of the angle resolved scattering between the cross-linked and
1500 the un-cross-linked samples. This procedure is justified when
{6 the scattering of the gel exceeds by far that of the solution, as
= is the case in the present study. (The evaluation of dynamic

) light scattering experiments show explicitly under which condi-
14 < tions this is a valid approximation.)

< : )

N The static excess scattering of polymer gels was analyzed
500 | ® G, by the Debye-Bueche method in order to obtain the static

2 correlation length£s, and the mean-square refractive index

fluctuation, j2[] of the gels®~* According to this approach,

Re(q) is given by

O VelVy

1 1 1
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Re(9)

2000 10

whereK = 87%n’A~* and g is the scattering vectoq = 4x
48 sin(@/2)/A. ny is the refractive index of the gel, andis the
wavelength of the incident light in the medium. The Debye
Bueche function, eq 2, was originally developed for dispersed
two-phase systems, each phase being of uniform scattering
power and the phases separated by a sharp boundary. For a
random distribution of the two phases, spatial averaging makes
this equivalent to a system with continuously varying scattering
power described by an exponentially decaying correlation
function: y(r) = exp(—r/&s) with &s as static correlation length.
It was verified for many systems that this approach represents
0 ; x x 0 scattering data of inhomogeneous gels fairly well.

Cross-linker concentration (mol%) Figure 2 shows the measured Rayleigh rafkfg) for the

Figure 1. Shear moduluss, and cross-linking efficiencyer/vin of gfeif\ and tt?e _corres;;ondlgng 50|2Ut'9nfs p:jOtEed \;]ersutithe EI‘:qlJare
polystyrene gels. (a) Variation of polymer concentration at fixed ratio O tN€ Scatlering vector. Figure 2a s for data where the polymer
of cross-linker and polymer; 0.033 mol of aldehyde groups of the cross- concentration was varied from 0.01 to 0.05 g/mL, keeping a
linker per mole of repeat units of P(&-AMS). (b) Variation of cross-  constant ratio of polymer and cross-linker. In Figure 2b, the
““kleor C‘;”?e”gat'on at a f'X?r? polymer concentration fOf 0.05 g/mL;  ¢ross-linker content was varied systematically at a constant
mol % of aldehyde groups with respect to repeat units of 8MS). polymer concentration of 0.05 g/mL. It is seen that the scattering
. . intensity of the gels is much higher than that of polymer
On the other hand, the theoretical netwqu densmy,can solutions with the same concentration. The scattering intensity
be calculated from the molar concentration of cross-linker of the polymer solutions shows only a slight concentration
molecules, in our case terephthaldialdehyde, by assuming perfeCtolependence due to the fact that we are in the semidilute regime.

grhoss;lflinilqgg W'ft?k? ut rthe _cl)iﬁi?nrrernce tiofnan)a tnr?t\rllvgrk d(;];ﬁcis.d On the other hand, the scattering intensity of the gels increases
€ etficiency ot the cross g reaction can then be estimate perceptibly with rising polymer concentration in the lowange,

by the ratiover/vin. and a very clear increase is observed with rising cross-linker
Figure 1 shows the shear modul@s and the cross-linking content.
efficiencyveri'vin Of the polystyrene gels as a function of polymer A fit of the data according to the Deby®ueche approach
concentration (a) and cross-linker concentration (b). The cross-jg represented by the lines shown in Figure 2. The parameters
linking efficiency is generally low, less than 10%. This is S0 thys obtained are the static correlation lengthand the mean-
because the networks were prepared at rather low polymersquare fluctuation of refractive inde®? In general, the fitted
concentration where intramolecular linking of the amine groups |ines are a good representation of the data points. In some
via terephthaldialdehyde is more likely to occur than the jnstances, however, the measured data seem to indicate a larger
intermolecular reaction. The cross-linking efficiency increases ¢yryature of thee? dependence than predicted. To obtain an
with rising polymer concentration when the molar ratio of the estimate of the confidence interval of the fit parameters, the
cross-linker and polymer was fixed. This corresponds to the fitting procedure was therefore separately repeated for the low
decreasing probability of the formation of intramolecular cross- gng highq range. This gave the upper and lower bounds of the
links with increasing polymer concentration, whileg/ve, fit parameters.
increases slightly with increasing cross-linker concentration. In Figures 3 and 4&s and @20are shown as a function of
3.2. Static Light Scattering. The scattering of polymer gels  polymer and cross-linker concentration. The error bars represent
originates from two contributions: One is due to thermal the confidence intervals determined as just described. The
concentration fluctuations, and the other one represents thecorrelation lengths are in the range of-10 nm and increase
excess scattering caused by spatial inhomogeneities formedwith rising polymer concentration and cross-linker concentration.
during the cross-linking process. The latter is of interest to This length scale is much larger than the average spacing
characterize the microstructure of gels. It is generally presumedbetween cross-links. The mean-square refractive index fluctua-
that the thermal fluctuations in a gel are practically identical to tion 2 is highest (25x 1077) for the lowest polymer
those in a solution of the linear polymer with the same concentration where a continuous gel was formed (0.02 g/r&H\./
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Figure 2. Rayleigh ratioR(q) vs ¢? for polystyrene gels prepared from gels on (a) polymer concentration, 0.033 mol of aldehyde groups of
P(Sco-AMS) solutions. () Variation of polymer concentration at fixed ~ the cross-linker per mole of repeat units of R(BAMS), and (b) cross-
ratio of cross-linker and polymer. (b) Variation of cross-linker linker concentration, polymer concentration is 0.05 g/mL. The error

concentration at a fixed polymer concentration of 0.05 g/mL. Solid bars represent the confidence interval of the fit parameter.
symbols are data for polymer solutions at the corresponding concentra-
tions. Solid lines represent fits according to the DebBeeche that it is not a statistical error but a quantity determined by

approach. measurement. At < 0.02 g/mL, the fluctuations become as
large as the concentration itself, indicating that there are regions
on the 10 nm scale where the concentration drops practically
to zero so that the macroscopic coherence of the gel could be
e , lost. This is what was actually observed: at 0.01 g/mL only
The mean-square refractive index fluctuatigjifican be  nicrogel was formed. The minimum concentration required for
related to the static root-mean-square concentration fluctuations, . mation of a continuous network is practically identical to
v dc’Daccording toy/ [dc’O~ +/ GI(dn/dc), where av/dc is the overlap concentratioc®, where the state of the solution
the refractive index increment of the polymer in the particular changes from isolated to overlapping codscan be estimated
solvent. This relationship is based on the assumption that theaccording t4°
local refractive index depends solely on local polymer concen-

It decreases strongly tox2 10~ for the polystyrene gels having
a polymer concentration of 0.05 g/mL. A further decrease is
observed when the cross-linker concentration is lowered.

tration and that the amount of cross-linker is so small that it . 3M,,
need not be taken into account. Discussion of the root-mean- = 47N, ( )3 ®3)
square concentration fluctuation has the advantage that this hA(Rs

guantity can be compared to the mean polymer concentration, ) )
c. For polystyrene in toluene at 2&, dn/dc = 0.108 mL/g3° where My, is the weight-average molar mass of the polymer,

This means that in the series of gels with varying polymer Na iS Avogadro’s number, an&s is the radius of gyration

) F (Flory radius). For polystyrene in toluene at 26, results of
content (Figure 4ay/ (dc"Lidecreases from 0.014 g/mL for the  geyerg) light scattering experiments led to the relationgRipl]

gel with a mean polymer content of 0.02 g/mL to 0.0045 g/mL _ 1 3g, 104 My L1 nm24t Hence, foMy, = 3.35x 10° g/mol

for the gel with 0.05 g/mL polymer content. The static . — 25 8 nm, which translates into an overlap concentration
concentration fluctuation on a lengths scale of some 10 nmis « ~, g1 g/mL. It should be noted that there are other
therefore of the same ordf_er of magnitude as the mean concenygfinitions ofc*,40 but they differ only slightly in the numerical
tration when the gel contains 0.02 g/mL polymer, whereas at A factor, 22 instead of 4/3. For our purpose, this does not make
concentration of 0.05 g/mL, the fluctuation is only about 10% . (elevant difference.

of this mean value. , Although the cross-linking procedure employed in the present
To visualize these facts more clearly, Figure 5 shows a plot 4k is based on rather specific chemical reactions, it is

of ¢ + y/Bc0vs c. The root-mean-square fluctuation is important to note that this is just one particular way to create
depicted like an error bar; it should be kept in mind, however, randomly cross-linked networks in a well-controlled manner&r&/
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6 Figure 6. Plot of 4/[dc’lc vs monomolar concentration of different
(b) polymer gels. Data from this workd, randomly cross-linked polsty-

rene) are compared to literature data on gels made by cross-linking
copolymerization: polystyrene gel in tolueri®)(® poly(N-isopropyl-

4L acrylamide) @);%6 poly(acrylamide) ©,*> A and v,?6 and a*?, and
poly(N,N-dimethylacrylamide) ¥)*® hydrogels. The lines are only for
guiding the eye.

linking of macromolecules) are compared to several data sets
where network formation took place via cross-linking copo-
lymerization (acrylamidé$2642 N-isopropylacrylamidé® or

ol N,N-dimethylacrylamideé? each copolymerized with methyl-
enebis(acrylamide) in aqueous solution, and very few data

Pa— 1' - é . ; — on styrene copolymerized with divinyloenzene in tolu&pe

Cross-linker concentration (mol%) Ve is plotted versus monomolar concentration to account
Figure 4. Mean-square refractive index fluctuatiGi?Cas a function properly for different chemical composition. It is obvious that
of (a) polymer concentration, 0.033 mol of aldehyde groups of the cross- the heterogeneity of all gels made by cross-linking copolym-
linker per mole of repeat units of P(-AMS), and (b) cross-linker  erization follows the same general trend, showing a steady
concentration, polymer concentration is 0.05 g/mL. The error bars increase from approximately 0.1 to 0.6 when the concentration
represent the confidence interval of the fit parameter. L .
at preparation is reduced from approximately 2 to 0.4 M. We
0.06 believe that this is a consequence of the fact that with cross-
Microgel | Macrogel : linking copolymerization gel formation proceeds through a
sequence of intermediate states crudely characterized as cyclics,
microgels, and eventually loosely interconnected clusters. The
heterogeneity of the final gel depends on the extent of reaction
where a continuous network structure appears, and this is
predominantly controlled by monomer concentration. A second
influencing factor is the reactivity of the cross-linker as
compared to that of the monomer; the heterogeneity is enhanced
by an unfavorable choice of the cross-linkef#
Clearly distinct from these data are those for the gels of the
present study obtained by random cross-linking of existent

0.00 . ] . | . ] . L . L . . . 2
000 001 002 003 o004 o005 006 m_acrom_olecules. Ther_e is also_a marked increasg [0t /c
il with falling concentration, but it only occurs at much lower
¢ (g/mL) concentration, in the range 6:5.2 M. The reason for this
Figure 5. P|0t Of c + ECZD vs c. Error bars Visualize the dlffel’ent behaVIOI‘ |S due tO the faCt that |n thIS case we Stal’t
root-mean-square concentration fluctuation. out from a semidilute solution of entangled macromolecules
. _ which are then linked in a truly random manner. An appreciable
that the results obtained should represent the general beha"'oheterogeneity only appears when there is insufficient chain

of such systems. To elaborate on this point, we will demonstrate o\ 6o i e., near the overlap concentration. The latter depends
that there are fundamental differences, with regard to network ;¢ ~5rse on the molar mass of the starting material, and the

inhomogeneity, between gels made by random cross-linking of \ g1y steep increase of heterogeneity near 0.2 M (0.02 g/mL) is
ﬁXl§tent macromolecules, on one hand, and gels made via crosspghaply singular for the finite molar mass of the polystyrene
inking copolymerlzatlc_)n of monomers a_nd cross-llnke_rs, on the employed.

other hand. We consider only gels which were studied in the  he" giscussion of a fundamental difference between gels
state of network formation, without any further swelling or 346 py random cross-linking of existent macromolecules and
deswelling. As a characteristic measure of heterogeneity, thegels made via cross-linking copolymerization of monomers and
quantity 4/ [@c’c is used, the ratio of the root-mean-square cross-linkers is in agreement with recent literature. Mendes et
static fluctuation of concentration and the mean concentration. al*® considered three classes of gels depending on the prepara-
In Figure 6, data obtained in the present study (random cross-tion procedure. They studied a particular type of end-lin%ﬁgv

<> x 107
N
T

€ *4/<8¢*> (g/mL)
o
8
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polystyrene gels in the swollen state by neutron scattering and (a)

looked into the dependence of the static correlation length with
degree of swelling. Russ et ®l.made use of the same prep-

aration route as this work but studied the swelling of polystyrene
networks by linear deuterated polystyrene. Their results could

300
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G2-30 L
<I>. =40.48 kHz L

only be explained when a heterogeneous structure was taken _ 200 i
into account. These are just a few examples of different experi- 3
mental investigations which point to network heterogeneity and <
link this heterogeneity to the particular preparation procedure. e"

Since the gels were studied under different swelling conditions,
a quantitative comparison with our findings was not possible.
3.3. Dynamic Light Scattering. Dynamic light scattering
provides the time average intensity correlation function

gr@(q,7) defined a¥®

_ I@9) (@25
1(q,0)°

whose short-time limit can be related to an apparent diffusion
coefficient,Da, vial347

¢:?(a.7) (4)

__ 1. @y ) _
Dy = 27 lim In(gr~(q,7) — 1) (5)

For an inhomogeneous system like a polymer Balyvaries
randomly with sample position in the range®f2 < Dy < D,
with D being the true (ensemble-averaged) cooperative diffusion
coefficient!348Likewise, the time-averaged scattering intensity
(g)3 varies markedly with sample position, giving rise to the
so-called speckle patterfi(q)F has two contributions discussed
already in connection with static scattering, which can be written
for dynamic experiments #1347

(03 = T(Q)3 + I(a) (6)

Or(g)F is the time average of the fluctuating component arising
from dynamic, liquidlike concentration fluctuations, while
Ic(q) is the time-independent excess scattering, which is position
dependent. In our static light scattering experiments, the scat-
tering volume was rather large so that ensemble averages were
almost automatically obtained. (To be sure, measurements at
10 sample positions were averaged.) In contrast, the scattering
volume in the dynamic experiments is so small that the position
dependence is clearly recognized. This enables a more detailed
data analysis, in particular when the time correlation is taken
into acount.

To separatél(q)[7 into its two parts, we follow the method
proposed by Joosten et’dlTreating the system by the partial
heterodyne approach, one obtains

D=Dy(2—X) withX=TQFIQF  (7)

Equation 7 applies to each sample position. For different sample
positions, different values fdd, and[l(q)F are obtained. Then,
if many measurements at different sample position are per-
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formed, the cooperative diffusion coefficidbtand the fluctuat-

ing component of the scattering intendily(q)[# can be obtained
by plotting [(q)3/Da vs ()3 according to eq 7a, which is
simply a rearrangement of eq 7.

W _ 20(Q)E ()3 Z
D, D D (73)

Figure 7. Variation of the scattering intensityi} with sample
positions. The solid and dotted lines repredé@tand(:[, respectively.

angle of 90. [z strongly fluctuates, and the typical speckle
pattern appears. The excursions of the local time-averaged
scattering intensity from its ensemble averdd@, shown as a
horizontal full line, rise with increasing polymer concentration
(Figure 7a) and cross-linker concentration (Figure 7b). The
Figure 7 shows the variations of time-averaged scattering dashed lines represent the fluctuating part of the scattering
intensity, (14, with sample position measured at a scattering intensity, I, determined according to the procedure outlir&?gv
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2l (a) such gels contain an appreciat_)Ie sol fraction formed by highly
i branched structures or cross-linked clusters, which contribute
60 - considerably to the fluctuating scattering intensity. With further
’InT - increasing concentration, the sol fraction is rapidly diminished
x 50 and e(F is predominantly determined by the dynamics of the
B a0l network chains, which are similar to those observed in a solution
v L of the same concentration.
/{ 30 In Figure 8b,[@ and k7 are shown for the series of gels
v 2 i prepared at a polymer concentration of 0.05 g/mL with varying
AT content of cross-linker. In this case, the fluctuating component
Voo k remains constant and is identical to that found in a corresponding
6 o solution. g, on the _other_ha_md, rises strongly with incr_easing
0.01 0.02 0.03 0.04 0.05 degre_e of cross-llnklng, similar to vyhat_ was obseryed in static
Polymer concentration (g/mL) exper!mgnts (cf. Figure 2b) and .|nd|cat|ng that static heteroge-
neity is introduced by cross-linking.
The results just discussed are important because they are an
80 . ) .
(b) experimental proof of the fact that the fluctuating scattering
intensity in a gel is similar to that of a corresponding solution.
o <k This was introduced as an assumption at the beginning of section
60 |- E e . X
< o <>, 3.2. The dynamic light scattering _data, when e_tpproprlately
T treated to allow for the separation into a fluctuating part and
:; ol static part, prove that this is in fact the case, provided the gel
v is not too close to the gelation threshold so that no appreciable
o sol fraction or microgel fraction is present.
vV ool 6 We finally turn to a discussion of the cooperative diffusion
o coefficient,D. Note thatD is a measure of the dynamics on a
length scale of 4, which is about 50 nm at a scattering angle
0 P T S T of 90°. D may be converted into a characteristic relaxation time
0 1 2 3 4 7 according toD = 1/(g?r). We have already pointed out that
Cross-linker concentration (mol%) the? dependence is closely observed. Furthermore, the Stokes
Figure 8. & 0 (3 and (i, as a function of (a) polymer Einstein reIationl_) = kBT/(G_nn.den), may be used to translate
concentration and (b) cross-linker concentration. D into a dynamic correlation lengtltsyn. We forbear from
showingé&qyn data since they are just inverselo but we like
above. Variation of the scattering angle in the range B80° to point out that they cover the range from 5 to 25 nm.

for some of the samples showed that the characteristic decay Figure 9 shows the cooperative diffusion coefficieDt
rateT is proportional tog?. This proves that the relaxation is  obtained by fitting3/Da vs [I[F according to eq 7a. Figure 9a
purely diffusivé® and that measurements at one scattering angle is for the series of gels which were obtained at different polymer
are sufficient to estimatb. concentrations, keeping a constant ratio of cross-linker and
In the first example shown in Figure 7a (sample G2-30), the Polymer. Data obtained for the solutions are shown for
time-averaged scattering intensity at a few positions seems tocomparison. With rising polymer concentration, the cooperative
be lower tharle{. This is physically impossible (cf. eq 6) and diffusion coefficients of the gels increase more rapidly than those
points at the limited accuracy of the evaluation. Obvioughi7 of the solutions. For solutions, scaling arguments lead to the
was overestimated in this case due to some uncertainty in thePredictionD ~ ¢3*for a system with excluded volumié® This
extrapolation. Such discrepancy is not observed with any of the is actually found, and the dashed line in Figure 9a was drawn
other samples which have a higher degree of cross-linking. according to this formula. With regard to the steeper increase
(G2-30 was so soft that it was not even possible to determine for the gels, one may speculate that the chemical cross-links
the modulus.) agditiona}lly introduceq r.esult in hjghgr re§toring forces and thus
Figure 8a shows the dependencedi@and(I:7 on polymer higher d_|ffus!on coefficients. Thl_s view is supported k_)y data
concentration at constant ratio of cross-linker and polymer. Also Shown in Figure 9b, whered is plotted vs cross-linker
included are intensity data for corresponding polymer solutions, oncentration:D increases by a factor of 2 when going from
[y, (g rises markedly with increasing concentration. This is the solutlpn to the gel having the hlghes'g cross-linker concentra-
identical with the course of the static light scattering data tion. In Figure 9a, where the concentrations of cross-linker and

depicted in Figure 2a. The fluctuating componefii:3, polym_er are _changed simultane_ously_, the_ changb_i's}4-fold.
decreases with rising concentration and approaches the levell e discussion of.the cooperative diffusion coefficient can be
of the solution only at the highest concentrations, 6045 concluded by stating that the trends observed are meaningful

g/mL. The sample with a polymer concentration of 0.01 g/mL, and can be e_xpl_ained without the necessity to take the network
which formed only microgel, corresponds to an ergodic system, I"omMogeneity into account.

and 0@ = [, as expected. The scattering intensity is
appreciably stronger than that of the solution because the
microgel particles are substantially different from the primary  Polystyrene gels were prepared by random cross-linking of
polymer molecules. At the lowest concentration where a functionalized polystyrene in semidilute toluene solution. From
continuous gel is formed (0.02 g/mLiig is distinctly larger polymer concentrations as low as 0.02 g/mL, continuous
thank, the latter being in the same range as in the microgel macroscopic gels were obtained, while at 0.01 g/mL, only
case. Since the concentration is just above the gelation thresholdmicrogels formed. This concentration threshold is significa&tBV

4., Conclusions
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1.0x10°® much lower concentration for the randomly cross-linked systems
@ than for the copolymerized systems.
poly Yy
8.0x107 | Dynamic light scattering data allowed the separation of the
’ dynamically fluctuating (liquidlike) scattering componelit/+,
from the static contribution. At concentrations well above the
- 6.0x107 |- gelation threshold, the fluctuating component equals that of a
E corresponding polymer solution. However, at the lowest polymer
S soxio’ L concentration where a continuous gel was obtained (0.02 g/mL),
Q an appreciable sol fraction formed by highly branched structures
. or cross-linked clusters causdigs of the gel to be appreciably
2.0x107 - larger than the scattering from a solution. This interpretation is
9 9 p
supported by the fact th&i:[7 in such gels is in the same range
0.0l . L . L . L as the total scattering in the microgel case. With increasing
0.02 0.03 0.04 0.05 polymer concentration, the sol fraction is rapidly diminished:;
Polymer concentration (g/mL) hence, 7 approaches the solution scattering.
The cooperative diffusion coefficiet of the solutions shows
9.0x107 the concentration dependence predicted by scaling thBory,
| (b) ¢34, while with gels a markedly steeper rise with increasing
8.0x107 |- concentration is observed. Presumably, this is caused by the
I higher elastic restoring forces due to the chemical cross-links
7.0x107 additionally introduced.
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