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Structure and Kinetics of Cluster Decomposition of clusters formed inside and then let it proceed again. On the other
Polystyrene Star Chains in Dilute Solutions hand, if not impossible, we need a system that the formed

clusters can be decomposed (fragmented). In this way, we are
Hong Huo, Fan Jin, and To Ngai* able to tune the system back to a certain extent and study the

structures of fragments as well as the decomposition kinetics.
Experimentally, the decomposition of polymer clusters or gel
networks has not attracted much sufficient attention, principally
Receied June 12, 2007 due to the difficulty in finding a proper systeth.
Revised Manuscript Receéd August 2, 2007 Recently, we have used atom transfer radical polymerization
During the past two decades, many studies, both theoretical (ATRP) to synthesis narrowly distributed thiol-terminated 4-arm
and experimental, have been devoted to the formation andPOlystyrene star chains. Upon oxidation, we could slowly
structure of polymer clusters by association or cross-linking convert these chains in a semidilute solution to form branched
polymer chains in solutiof.3 Conceptually, one starts with a polymer clusters through the formatllon of disulfide Imkage.s
dispersion of monodispersed polymer chain. Upon clustering, (-S—S—) between each two end thiol groups, as shown in
these chains collide due to their Brownian motion and stick Figure 1. Initially, it has only one expected peak related to
together irreversibly to form clusters. These clusters themselvesindividual star chains, but oxidation (cross-linking) results in a
continue to diffuse, collide, and form hyperbranched clusters. Pimodal distribution. The second peak located at a longer
Although the reasons for clustering are complex and vary from relaxation time, confirming that thiol-terminated polystyrene star

one system to another due to the different physical or chemical chains were cross-linked to form clusters in the solution. Static
origins, there have been significant advances in our understand-LS has been used to characterize the structures of such formed

ing of such a clustercluster “aggregation” process in recent cluster§ in.a dilu'te solution. The inset shows thgt the average
years. The key to these advances is the recognition that theScattering |nte_nS|t)ZI1(q)Dof the resultant clusf[ers is dependent
formed clusters have fractal structures, allowing a more detailed O the scattering vector) as 0(q)00 q~% with d = 2.6 +
study of the aggregation process and the relationship of cluster0-1, indicating that the clustering is a RLCA process and results
structures to the aggregation kinetfcs. in cpmpact aggrggates. This is understandable becau.s.e the cross-

It is well-known that two distinct, limiting regimes of I|nk|ng reaction in here was so slo_w that many collisions are
aggregation have been identified in the classical colloidal "equired before the chains can stick together. Moreover, the
science$:¢ Depending on the sticking probabilitP4 between extensive interchain penetration and cluster restructuring are
two colloidal particles, they correspond directly to the diffusion- €XPected to accompany the cross-linking reaction, allowing the
limited cluster-cluster aggregation (DLCARs ~ 100%) and clusters so formed to pack more closely and unlf(_)rm. These
the reaction-limited clustercluster aggregation (RLCAPs < behav_lor_s have been o_bserved in the studies _of linear chains
100%)7-9 Both aggregation processes are found to have associatioh or aggregation of soft microgel particlés.
characteristic, yet distinct, features. The structures of the formed On the other hand, it is worth pointing out that the formed
cluster in both regimes can be quantitatively characterized by —S—S— linkages can be cleaved by reduction so that the formed
scaling behavior, namely, the mas)(of the clusters scalesto  clusters can undergo the decomposition (fragmentation). In this
the size R) with different fractal dimensionsd) asM O R, Communication, we like to report the structure and kinetics of
The fractal dimension i ~ 1.7—1.8 for DLCA andds ~ 2.1— cluster decomposition of such polystyrene star chains in a dilute
2.5 for RLCA because DLCA leads to a more open and less solution. An analysis of light scattering data showed that the
uniform structure. Nonetheless, RLCA can result in a compact fragments could be characterized as a fractal, and both the
aggregate. For the aggregation kinetics for DLCR, is structure and decomposition kinetics followed the reversible
characterized byrR 0O t with y < 1 and typicallyy = 1/d, RLCA process. The thiol-terminated 4-arm polystyrene star
whereas for RLCAR [ €/r, whererr is a constant, depending  chains preparation and LLS theory and instrumentation can be
on the dispersion natufé.lt is helpful to note that both theory ~ found elsewherés:
and experiment have indicated that other processes, which can Figure 2 shows that upon addition of 2,3-dihydroxy-1,4-
be described as crossovers between DLCA and RLCA, ¥it.  putanethiol (DTT), a reducing agent, to a diluted cluster solution
Moreover, the formation of more compact structures (vith  the slow relaxations became slight faster, but at the same time
> 2.5) than expected for RLCA processes has been encounteredheir contributions to the time average intensitgtensity
and explained in terms of cluster restructuring or reaction correlation function [6®(q,r) — A)/A)] decreased gradually as
reversibility*2-24 In this case, the sticking between subunits is the reduction proceeded. Supposedly, this is contributed to the
considered to be reversible so that they can loosen and re-formdecease of the number of larger clusters because some of them
repeatedly after collision. were decomposed into smaller fragments or even more mobile

Practically, the study of the cluster structures and aggregationindividual chains. We analyzed each measur&@®j(q,z) — A)/
kinetics requires considerable experimental care. Faster ag-A)] by the Laplace inversion program (CONTIN) in the
gregation rate leads to the DLCA process but also possibly correlator to yield a normalized intensity-weighted distribution
follows into the intermediate regime; while for RLCA, the of the characteristic decay tinf). The inset in Figure 2 shows
aggregation rate should be slow in order to have sufficient time that for each measure®@(q,r) — A)/A at desired times during
to collect the data without a change in the cluster structure andthe decomposition process there always exists two relaxation
size. Ideally, we need a system in which the clustering processmodes. The fast mode is due to the diffusion of individual star
can be stopped at each desired stage so that we can study thehains, while the slow mode may be related to the mixture of

fragments with different size. Both distributions of the charac-
* To whom correspondence should be addressed. teristic decay time become broader and broader as the reduction

Department of Chemistry, The Chinese Lénsity of
Hong Kong, Shatin, N.T., Hong Kong

10.1021/ma071299+ CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/21/2007



Macromolecules, Vol. 40, No. 19, 2007 Communications to the Editor6797

15.0 a) A@> g Reduction time
— <Ugp aq® 3 4,=2620.1 ° 9,33
INTY 4726201 o 25+0.1 v 17day
10.0t= o Z 22401 X © 21day
= N l A 10'F22201 &
= i It =
sof " q/nm’ v
—0O— before crosslinking
.......... o —O— after crosslinking s
0.0 — s 10° 10'
10 10 q<&>
t/ms
Figure 1. Peak area-normalized intensity distributions of characteristic
decay timef(z) of thiol-terminated 4-arm polystyrene star chains before b) A @ <&
and after the cross-linking reaction, whete= 20° and T = 25 °C.
The inset shows a double-logarithmic plot of scattering intensity from —e 10t
resultant clustersl(q)Ovs scattering vectoq after the cross-linking X
reaction. a
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& 03l%. Figure 3. (a) Double-logarithmic plots of scattering intensity from
e } resultant fragment8(q)Cvs scattering vectay during the decomposi-
0 tion process. (b) Double-logarithmic plot of time-average scattering
0.0 intensity atg — O (0I(0)0) vs average static correlation length scattering
10° [EOfor resultant fragments formed at different times during the

1t/ ms decomposition process.

Figure 2. Reduction time dependence of the normalized intensity
intensity time correlation function&3(?(q,7) — A)/A during the cluster
decomposition process, whefeis the measured baseling,= 20°,
andT = 25 °C. The inset shows the time dependence of peak area-
normalized intensity distributions of characteristic decay tifag at
different times during the cluster decomposition.

proceeds, indicating that the solution becomes heterogeneous
as individual chains, smaller and larger clusters coexist in the 10
final mixture.

Here, we concentrated on the features of the fragments during
the decomposition process; we therefore tried to quantitatively
extract more information that only related to fragments but
exclude the fast relaxation modes contributed in ®&)(q,7)

— A)/A. We assumed that the light scattering measured by both
static and dynamic LLS is simply a sum over the average ¢
distribution of individual star chains and fragments. This is reduction
reasonable because from the dynamic LLS results, as shown inFigure 4. ,Cand(&Cas a function of decomposition time. Both the
the inset of Figure 2, CONTIN analysis has only resulted in scales ofM,,Cand&Care logarithmic to show the exponential decay.
two characteristic, yet distinct, relaxation modes. Moreover, . . o

from the corresponding normalized areas under the two peaks,unlform because the-S—S— linkages |ps_|de thg clusters are
we could have the weight-average contribution from the fast c/é@ved. To best of our knowledge, this is the first example to
(W(Q)char) and Slow W(Q)ausie) Modes. Note thalV(q)ehain -+ show the st_ructure of fragments during the decomposition
W(Q)euser= 1. Therefore, the time average scattering intensity Process; particularly for those clusters formed by covalent bonds.
contributed from the fragments can be obtained from total time It is helpful to mention that the data were all coII_e_cted when
average scattering intensitii(g)) measured in static LLS and ~ 9€> 1, and alldi > 2 suggests that the decomposition process
W(G)ciuster from dynamic LLS, i.e.[I(G)0= [(q)F W(q)eiuster is the RLCA process. Unfortunately, since the sizes of the
In addition, by using the OrnsteirzZernike equationJi(q)J= fragments are not big enough, the range @resented in here
0(q—0)K1L + q2Z2)],!8 the plot of 111(g)Cvs ¢? can lead to can only _spread over limited ranges. Figure 3b shows that at
average correlation length of the fragmeri&) and the time different times durln%the decomposition procé]ﬁ@)[is scaled
average scattering intensitygt 0 ((I(0)[) (see the Supporting 0 E0asI(0)I0 EO% or MO0 [ET%, with d = 2.3+ 0.1,

/ days

Information). It is helpful to mention thall(0)Cis linearly to an alternative way to reveal that it is a RLCA process.

the weight-average molar mags/(,[) of the fragments during Since bothMy,Oand [ECcan accurately reflect the weight-

the decomposition process. average molar mass and size of fragments in the distribution at
Figure 3a shows that the scattering intensiifg)of the each time during the decomposition process, they are two

fragments at different times during the fragmentation process important parameters to measure the decomposition kinetics.

is dependent on the scattering veagaas [(g) 00 g~% with all Figure 4 shows that botfM,,[Jand [fCexponentially decrease

d; in the range 2.22.6, indicating that the fragments are during the decomposition, namely,,(00 e V= and& O e ¥7r
surprisingly characterized as a fractal. The slight decreade of with tr = 24 and 55 days, respectively. Note that RLCA has a
reveals that the fragments become relative more open and lessypically exponential growth in kinetics; the results presented
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here thereby provide another evidence that decomposition is a Supporting Information Available: Typical Ornsteir-Zernike

reversible RLCA process. plots of 1/1(g)Civs g2 This material is available free of charge via
In summary, using narrowly distributed thiol-terminated the Internet at http://pubs.acs.org.
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scattering vectord) as(q)0J0 [ %, and the weight-average
molar mass ) of the fragments is scalable to the average
size of the fragmentd&0) as,,00 [(Z(3-3°1, Both M,,Cand
[¥Cexponentially decrease during the decomposition, revealing
that it is also a reaction-limited process. Previously, we only
know that some of the clustering process is reaction-limited.
This study enables us to realize that both formation and
decomposition (fragmentation) of hyperbranched polystyrene
clusters with —S—S— linkages follow the reaction-limited
mechanism.
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