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The [2+2] photocycloaddtion of 7-methacryloyloxy-4-methylcoumarin attached to the PMMA chain can transfer

a semidilute solution to a homogeneous and speckle-free chemical gel with some “extraordinary” dynamics.
First, its normalized intermediate scattering functi@mz) can fully relax to zero, indicating that the gel has

no frozen-in static component. This supports our previous conclusion that the speckles of polymer gels originates
from large voids inside, not cross-linked chains (clusters). Sedmd), consists of a fast and a slow relaxation.

Both of them are nondiffusive. For the fast mode, there is nearly no change in its decay rate as well as its
related scattering intensity during the sglel transition, but for the slow mode, the relaxation slows down

and its related scattering intensity sharply increas&€? times. The alternative analysis of the measured
time correlation function by the partial heterodyne method leads to only one relaxation rate, similar to that
of the slow mode. Our results confirm that the fast mode is related to the well-known motions of subchains
(blobs) between two cross-linked points and reveal that the slow relaxation is due to thermally agitated density
fluctuation of the gel network. In comparison with its corresponding semidilute solution, the cross-linking
makes the motions of different blobs more correlated, and at the same time, reduces the dimension (static
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correlation length) of the density fluctuation and slows down its relaxation rate.

Introduction positions. Tanaka et &P.showed that the intensitintensity
time correlation functionG@(z) [=(0)I(z)J of chemically
cross-linked poly(acrylamide) gels measured in dynamic LLS
followed a single exponential decay despite that the length of
the chain segment between two neighboring cross-linking points
was broadly distributed. They attributed it to the cooperative
nature of the polymer network swollen in solvent. Such a single-
exponential decay is not universal because gels normally contain
large static frozen-in components, reflecting the decrease of
the intercept of the baseline-normaliz&f?(z), i.e., g@(z)
[=(m(0)I(z)O— m(0)B)/m(0)E] at T — 0, as the cross-linking

A polymer gel can be roughly considered as a three-
dimensional cross-linked network of chains swollen with a large
amount of solvent. It normally has a much more complicated
structure and dynamics in comparison with a corresponding
polymer solution. It has a coexisting solid-like and liquid-like
behaviort2 Polymer gels can be neutral or ionic and further
grouped as chemical or physical gels, depending on whether
the cross-linking is made of covalent bonds or physical
interaction, such as hydrogen bonding, electrostatic interaction,
and hydrophobic association. Normally, chemical gelation is - ) . ?
irreversible, while physical gelation could be reversible by Proceeds. In addition, gels often contain a sol fraction, i.e.,
alternating temperature, solvent composition, pH, or ionic individual uncross-linked chains.
strengti? Typical chemical gels are prepared by conventional ~ T0 name but a few, Munch et & found thatg®(z) follows
radical copolymerization of monomers and cross-linking agents. @ double-exponential decay in the free radical copolymerization
Itis helpful to note that the choice of a proper pair of monomer Of styrene and divinylbenzene in benzene. They interpreted the
and cross-linking agent with a similar chemical structure and fast and slow decays, respectively, as the fluctuation of
reactivity to avoid an inhomogeneous distribution of the cross- cooperative concentration and the diffusion of large polymer
linking points is rather difficult, if not impossible. Chemical ~ clusters. Adam et & reported thag®(z) could be fitted by a

gels can also be prepared from polymer solutiongiyadia- stretched exponential deca)_/ for the gelation of pol_y_urethane
tion or by attaching cross-linkable groups, such as double bonds,when the polymer concentrations were lower than a critical value
to the chain backborte. of 7 viv%, but became a power law dependence of the delay

The study of the setgel transition is a long-standing old time 7 at higher concentrations. Martin et’d also observed a
problem. Laser light scattering (LLS) as a nondestructive method Similar exponential decay for silica and epoxy gels and a power
has been widely us€t® Chemical gels normally are hetero- law function ofg®(z) at and after the gelation threshold. It is
geneous and nonergodic in LLS, i.e., the time-averaged scat-generally recognized that the fast decay is related to the diffusive
tering intensityl¥ at one sample position is different from the  relaxation of chain segments in the maze of other chains, but
ensembly-averaged scattering intensity over different sample the slow decay is less understood. It is necessary to note that
the study of the dynamics during a copolymerization-induced
* Corresponding author. Department of Chemistry, The Chinese Uni- sol—gel transition is rather messy because the polymer con-
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studies before Pusey and Mededid not consider seriously Itis helpful to note that before reaching the gelation threshold,
the inhomogeneity of polymer gels. the gelation system often becomes or is a semidilute solution.

The structural inhomogeneity of polymer gels was generally Itis well known that, in addition to a fast diffusive mode, there
attributed to the localization of chain segments in space due toalso exists a slow relaxation in semidilute solution. The fast
the cross-linking314i.e., the formation of clusters with some mode is well understood and attributed to the motions of the
limited motions around their fixed average positions. It has been subchains (blobs) between two entangled points. However, the
considered as aimtrinsic property of a polymer gel network. ~ hature of the slow relaxation and how it is related to the slow
One obvious characteristic is the appearance of speckles;dynamics inside a gel network have not been satisfactorily
namely, a significant variation of the scattering intensity with addressed. One of the reasons is because the gel inhomogeneity
the sample position at which the incident light Hits!” In this complicates such a study. It would be ideal if we could prepare
way, the scattering intensity from a gel contains static and @ uniform gel network and then study the gel dynamics
dynamic contributions. The static part comes from inhomoge- (relaxations) without any interference of the inhomogeneity.
neous frozen-in components (we do not discuss its nature atMoussaid et at? showed that the gels made of charged poly-
this moment), independent of time, while the dynamic part was (acrylic acid) (PAA) have little or no excess scattering in
attributed to diffusive relaxatiot 2! The concept of noner- comparison with their corresponding solutions. However, it is
godicity, stated by Pusey and Meg®ras led to the develop-  known that introducing charged groups into polymer chains
ment of several relevant methods for the study of dynamics of would greatly complicate the gel dynamics because of long-
polymer gels, such as the partial heterodyne and intermediaterange electrostatic interaction.
scattering function analys?3.2* More recently, Shibayama et In the past, various groups have claimed that their gels were
al.?>26 showed that the spatial inhomogeneity also exists in full relaxable by showing a complete decay of the measured
physical gels and revealed that the structure inhomogeneity g@(r).3%-32Unfortunately, the intensity of the light scattered from
strongly depends on the gelation process and experimentalstatic frozen-in components(3 was wrongly taken as part of
conditions?’~3! This leads to a question whether the speckles the baseline in the normalization 6(2(z). Such a mistake is
are really intrinsic. evident from the decrease of the measured interg@ot — 0)

If the speckles are due to the existence of frozen-in cross- during the gelation. In other words, these measurements were
linked chains (clusters), they must be fairly large and inhomo- not completely homodyne in which static frozen-in components
geneously distributed inside. However, typical sizes of polymer actually acted as local oscillators. There is no question that cross-
clusters measured near the gelation threshold are normally inlinked polymer chains cannot move a long distance inside a
the range of~107—10° nm, much smaller than the a typical gel. However, it is helpful to note that in dynamic LLS the
dimension of the LLS scattering volumeZ200xm). In addition, excursion of the scattering object over a distance gf(4/100
we found several interesting experimental facts in the literature; nm) is sufficient to lead to a complete decaygh(z). Later,
namely, the inhomogeneity increases with the amount of the we will show that the cross-linked chains can undergo such an
cross-linking agent, the reaction rate, and the swelling exfent. excursion over a length scale ofgl~ 100 nm around their
In principle, we should observe the opposite effects, i.e., more equilibrium positions, further confirming that the static frozen-
cross-linking agents should make the polymer clusters more in components are not the cross-linked chains (clusters), but
uniform and the swelling would result in a more homogeneous large voids inside. We will discuss this later.
gel network. Moreover, it is rather difficult to explain why the Recently, we have prepared linear copolymer poly(methyl
scattering intensity increases as the gel swells and as the solvengnethacrylateso-7-methacry-loyloxy-4-methylcoumarin) [P(MMA-
quality decreases if we attribute the origin of the speckles to co-AMC)] chains because two coumarin groups can undergo
the existence of static frozen-in polymer clusters. the [2+2] photocycloaddition under UV irradiation o310

Recently, we utilized the swelling of thermally sensitive nm. Such a system enables us to cross-link the chains in
narrowly distributed spherical polyisopropyl-acrylamide) semidilute solution to form a chemical gel in a controllable
microgels to imitate the growing of polymer clusters nearby fashion33341t is important to note that such a UV-irradiation-
the gelation thresholdt The swelling of billions of such induced sot-gel transition is different from the conventional
microgels in a dispersion can change a flowing liquid into a UV-induced polymerization of vinyl monomers, i.e., there is
macroscopically immobile hybrid gel. The size of these uniform no propagation. Each cross-linking reaction simultaneously
microgels can vary in the range 43210 nm, depending on the  involves only two very nearby coumarin groups so that the
dispersion temperature. We found that the inhomogeneity of dimerization mostly occurs at the entangled points when the
the resultant gel increases with an increasing swelling rate. chains are overlapped in semidilute solution. This explains why
Moreover, the hybrid gel can become homogeneous and specklethe cross-linking results in a uniform and speckle-free gel. The
free when the microgels are closely packed under centrifugationdimerization stops as soon as the UV irradiation is removed.
before their swelling. Note that the microgels, even in the Such a system provides several advantages over a conventional
swollen state, are smaller than the wavelength of the laser lightchemical gelation; namely, homogeneous cross-linking, no
used. The scattering volume contains0® microgels. Therefore, byproduct, no initiator, and a controllable cross-linking rfate.
the speckles (inhomogeneity) cannot be related to a possibleMoreover, such a cross-linking is reversible under the UV
uneven distribution of polymer clusters inside. Our results irradiation of a wavelength shorter thar260 nm3>-37 Practi-
indicate that the inhomogeneity is actually due to large voids cally, we have a well-defined chain length and a fixed polymer
inside the gel. It is understandable that large voids are formed concentration. The UV reaction enables us to study the chain
if the growing rate of polymer clusters is much higher than their dynamics at each stage of the sgkl transition, starting from
relaxation rates (diffusion). This is because there is no sufficient a uniform semidilute solution without the complication of any
time for them to relax to their equilibrium positions so that they frozen-in inhomogeneous component. In the present paper, we
are “frozen” (jammed) in space. The voids (spaces) betweenintend to further address the origin of the speckles and focus
polymer clusters are much larger than the mesh size betweeron the slow relaxation in the gel state as well as how it is related
cross-linked chains inside the microgels. to the slow mode in semidilute solution.
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Experimental Section with the sample position, bul# is related to mobile dynamic
Sample Preparation. 7-Hydroxy-4-methyl coumarin and  component so that it is independent of the sample position. For
methacryloyl chloride (Acros) were used without further each randomly chosen sample position, we can measure one

purification. Methyl methacrylate (MMA, Aldrich) was purified  [# from static LLS as well as on€%(q,r) from dynamic LLS

by vacuum distillation. AIBN (Aldrich) was purified by recrys-  at a given scattering ang?é38 It is helpful to note that both
tallization from methanolN,N-Dimethyl-formamide (DMF) was [IF andg®@(q,r) depend on the sample position. For an ergodic
purified by vacuum distillation after drying with barium oxide. system,I3 = 0 andg\?(q,7) can be related to the normalized
Other solvents and chemicals were used as received. Theelectric field-electric field time correlation functigg®(q,z)|-
synthesis of photoreactive copolymer containing 4-methyl- (= [[E(q,0)E*(q,7)IE(g,0)E*(qg,0)]) via the Siegert relatiof?
coumarin pendant groups involved two steps. The first step is

to prepare 7-acryloyloxy-4-methylcoumarin (AMC). To a solu- @ ~ M@oN@nd ., 2

tion of 7-hydroxy-4-methyl coumarin (12.0 g, 68 mmol) in 192 g(ar) = M(q,0) —1=p1g7 @) )

mL of 0.5 N NaOH aqueous solution was added 150 mL ’

chloroform and then cooled to ®. Under vigorous stirring, where 0< 8 < 1 is a constant related to the coherence of the
methacryloyl chloride (7.1 g, 68 mmol) was injected into the detection optics. In a nonergodic gel, the frozen-in static
mixture and the reaction was continued for 1 h. The white solid components act as local oscillators so t8Xq,7) consists of
obtained after evaporating chloroform was recrystallized in both the homodyne and heterodyne terms. Equation 2 be-
acetoné*36|n the second step, AMC was copolymerized with come8&2+23

methyl methacrylate (MMA) in DMF by using AIBN as

initiator 3437 Freshly distilled MMA and AMC as well as AIBN @(q.7) =

solution were charged into a polymerization tube and [MMA]/ IZI] |f1l_2 0,3 0,3
[AMC]/[AIBN] = 9:1:0.0002. After three freezghaw cycles ﬂ{ (L) g(l)(q,r) 249 L) 1— (L) g(l)(q,f) ] 3)
of degassing, the tube was sealed off under vacuum. The = |\ 03 g iy

reaction was carried out at 60C for ~40 h. The resultant

copolymer P(MMA€0o-AMC) was harvested in methanol and Equation 3 shows that the apparent coherent faégy{= 3

purified. The sample used contains 7.2 mol % of AMC and has [2(Td3/0F) — (047 03)7}, i.e., the intercept o§®(q,7) at

a weighted-averaged molar mab,j of 2.12 x 10° g/mol with — 0, increases monotonically witlis3 and its maximum value

a polydispersity indexNlw/M,,) of <1.534 is 8 wheny3 — [F. Note thatlsF normally increases as the
Laser Light Scattering. A commercial spectrometer (ALV/  cross-linking proceeds so thal#/(Il3 decreases, resulting in

DLS/SLS-5022F) equipped with a muttidigital time correlator a lowerfapp as observed in many previous studies of polymer

(ALV5000) and a cylindrical 22 mW uniphase Héle laser gels? As stated before, the initial slope of each measured “In

(Ao = 632 nm) was used. The spectrometer has a high coherenc@®(q,7) vs 7" leads to an apparent line widti, between ¥

factor of 5 ~ 0.95 because of a novel single-mode fiber optic andT’, depending on how strondq(# is, wherer is the line

coupled with an efficient avalanche-photodiode (APD). The Wwidth in a pure heterodyne measurement. It has been shown

starting semidilute solution used in this study was prepared by thatI" and s# can be related td'a and (3 as followg*25:26

dissolving a proper amount of P(MM£e-AMC) in chloroform.

The clear solution was then filtered into a quartz LLS cell (10 g 203 043 4

mm in diameter) to remove dust by using PTFE a0 filter. T, T T (4)

The solution was sealed under nitrogen. The clarified solution

was irradiated in a UV photoreactor equipped with 10 tubes of Experimentally, for each chosen sample position, one can

310 nm lamps (total energy output6fl50 W). The LLS study ~ measure onél[# from static LLS and calculate oré, from

was conducted after different UV irradiation times. 9@ (qg,r) measured in dynamic LLS. Therefore, by randomly
In static LLS, the measurement time for each chosen samplechoosing a large number of different positions, we can obtain
position at a given scattering vectg= 4sn sin(6/2)/%.0] was ' and 04, respectively, from the slope and intercept of the

30 s, whered, n, and/o are the scattering angle, the solution plot “IF/I'a versusF” according to eq 4. It is very time-
refractive index, and the Wavelength of the laser Iight in vacuum, Consuming to study the dynamics of a nonergodic ge| in this
respectively. In dynamic LLS, the measurement time of each way. The worst thing is that we can determine the initial decay
time correlation function was in the range-360 min, depend-  only if the relaxation contains more than one process.
ing on the signal-to-noise ratio. The first-order cumulant analysis  |ntermediate Scattering Function Method. The normalized
of the initial decay of each measured baseline-normalized intermediate scattering functidif,r) provides an alternative
intensity-intensity time correlation functiog®(q,7) [= [1(q,0)- way to analyze the dynamics of a nonergodic gel. It has been
I(g,7)(g,0)3 — 1] in the self-beating mode can result in an  shown thatf(q,7) is related tog®@(q,7) as follows2l-24
average characteristic decay tifmdgllor an average line width
@(0.0) — a®(a.r
\/1_ [g CORFET )] ) 1] o

I'(=1/0 that is related to the apparent diffusion coefficient oG
Da [= TP The details of the LLS instrumentation and theory flgr)=1+—
can be found elsewhef&3° (g
Data Analysis - _ _ i
Partial Heterodyne.Met.hod. For a nonergodic gel, the tjme- StBT: EI]E’ ;(r?c’i?ﬂsﬁ (:D](% naﬂdeal?//,gi% io&%nairgggfo)sxftg-m,
"’.‘Veraz%ed scattered light intensilly# comprises two contribu- e efore f(q,c0) for a nonergodic system directly reflects the
tions; contribution of static frozen-in components. For each given
scattering angle, we can measure the time-averaged scattering
Iy = 044 + Oy @ intensity from different sample positions to obtéifig, defined
asy; #/N, whereN is the total number of the sample positions
wherelld? is related to frozen-in static component and varies measured. Thereford(q,7) can be calculated from a single
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Figure 2. Typical plot of OE/Ta versus time-average scattering
0 30 20 60 30 100 intensity § for the gel formed after 10 h UV irradiation, where time

.. averaged scattering intensity from dynamic mobile compon@giis

Sample positions and characteristic line width are obtained from the intercept and the
Figure 1. Sample position dependence of time-averaged scattering SIOP€. respectively, on the basis of eq 4. The inset shows the frequency
intensity (I3, where each solid line represents an ensembly averaged distribution of .
scattering intensityllg defined as };[#,)/N with N the total number

of randomly chosen sample positions. .
6.0t —i—3<01> %%\§§
measurement a§®(qg,r) and 7. It is important to note once = —o—<1p }
more that for a given scattering angl&/y and 17 as well as = 40 /
g9(q,0) andg®(qg,r) depend on the sample position, but not ~
g, 0yF and f(q,z). Finally, note that in an ergodic system, Y 20k
# = ¢ andg®(qg,0) — B so that eq 5 goes back to eq 2 and
f(a,2) = 19%(a,7)!. ool ,
“0 4 8 12
Results and Discussion /hr

irradiation

Figure 1 shows that after 10 hr UV irradiation, a flowing  rigure 3. UV irradiation time dependence of ensembly averaged
semidilute solution changes into a macroscopically immobile scattering intensityllz and time-averaged scattering intensity from
chemical gel. The cross-linking density increases with an dynamic mobile component3 during the sotgel transition.
increasing irradiation time. The final cross-linking density is
2%, estimated from the change of AMC UV adsorption. The intercept lead td" and 44, respectively. Therefore, we were
sample position was arbitrarily chosen by rotating and lifting able to obtain theg-dependence ofllg, [y, andT" at each
the LLS cuvette. Each solid horizontal line indicates an stage of the setgel transition. It is helpful to note that for a
ensembly averaged scattering inten8ify. The solution became  normal gelation process it is rather difficult to obtain such
viscous afte6 h UV irradiation but was still flowing when the  g-dependence because of the progress of the reaction during
cuvette was tilted. It is known that such a polymer solution must the measurement. Figure 2 shows that the difference between
be ergodic. It is helpful to note that the scattering intensity after ilg and [y4is so small thatlllg ~ 47 if we consider all
6 h UV irradiation increases 10 times in comparison with that ~ experimental uncertainties. This can be attributed to the random
from the initial semidilute solution (not shown). Further UV  fluctuation of ¥ around(g (Figure 1). The inset shows that
irradiation finally resulted in chemical gel, and the scattering [F roughly follows a Gaussian distribution, a characteristic
intensity increased anotherlO times but still lacked obvious  signature of ergodicity. It is important to note that for
speckles, as shown in Figure 1. Note that the gelation thresholdconventional polymer gels, the frequency distributi§dly)
is located atyy = 9 h, confirmed by the flowing test. decreases monotonically 83 increases and the variation of

Figure 1 is surprisingly different from previous observations [ is often over~1(? times due to large frozen-in compo-
on both chemical and physical gels in whi€li3 strongly nents?2> It is also important to note thdf obtained here is
depends on the sample position due to the so-called static frozenseveral orders smaller (i.e., the relaxation is much slower) than
in component$>26_ater, we will show that the increase @f} those previously obtained in conventional polymer gélsater,
can be related to the increase of the correlation between chainsve will show thatl” obtained in Figure 2 is related to thermally
because of the interchain dimerization (cross-linking). The agitated slow density fluctuation, not the fast diffusion of
speckle-free pattern illustrates that the gel is uniform, suggestingsubchains (blobs) between two cross-linking points.
that the cross-linked chains (clusters) are uniformly distributed  Figure 3 shows that for a given the variation of botHhllg
inside and the size of the frozen-in clusters, if there were any, and 43 can be divided into three different stages during the
are much smaller than the linear dimension of the scattering sol—gel transition. In the first stagayy < 6 h), (Il equals
volume (~200um). In other words, the scattering volume should O4F because the solution is ergodic. The gradual increase of
contain a sufficient number of such clusters so that the invariant (g (or [I4(3) is expected due to the cross-linking of individual
scattering intensity reflects an averaged result. In the presentcopolymer chains. In the second stage (6 ltiyy < 8 h), the
gel, the nature of the cross-linking ensures that no large void rapid increase ofiig (and[14) signals the formation of more
can be formed inside. We will come back to this point. branched chains (clusters). The system reaches the gelation

As for the study of gel dynamics, we first used the partial threshold at~9 h, which was also confirmed by the flowing
heterodyne method (eqgs 3 and 4) to analyze the measured timéest. Such an abrupt increase of the scattered light intensity is
correlation function by assuming that there exist some static often used to define the gelation thresh#l@he only difference
frozen-in components. Figure 2 shows that the ratidligf"'a here is that the resultant gel lacks large obvious speckles. At
is a linear function ofl#, where the solid line shows the least- the final stage, further cross-linking slightly reduces btk
squares fitting on the basis of eq 4, in which the slope and and [I4[#, revealing that the density fluctuation in space is
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Figure 4. UV irradiation time dependence of characteristic line width
T during the sot-gel transition, wherd” was obtained based on eq 4,
as shown in Figure 2.
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Figure 5. Hydrodynamic radius distributiorf¢R,) of photocrosslink-
able [P(MMA-o-AMC)] chains in dilute chloroform solution before
and afte 8 h UV irradiation, where polymer concentrati@is only
2.0 x 1074 g/mL, which is~10 times less than the overlap concentra-
tion C*.
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Figure 6. Scattering vector dependence of ensembly averaged scat-
tering intensity(llg, time-averaged scattering intensity from dynamic
mobile components$lyd and characteristic line width' of the gel
formed after 10 h UV irradiation.

diffusion-limited proces$! Since the concentratiorC(= 8.0

x 1072 g/mL) used in the setgel transition is much higher
than the overlap concentratio€{~1.8 x 10-3 g/mL), the
dimerization (cross-linking) should mostly occur between dif-
ferent chains at the entangled points, leading to randomly
branched clusters, schematically shown in Figure 5. It is
important to note that the clusters are much smaller than the
linear dimension of the scattering volume200xm). The cross-
linking in the present study is extremely slow, and the nature
of the dimerization avoids the formation of large voids inside.

slightly suppressed. This can be visualized as individual chainsAS discussed before, to prepare a more homogeneous gel, one
are attached to the gel network and the contrast between densef@S t0 make the growing rate of the polymer clusters much

and sparser parts of the density fluctuation gradually decreasesS/OWer than their diffusion so that large polymer clusters have
It is important to note that during the entire sol-to-gel process, & sufficient time to relax to their equilibrium positions before

g = 47 if we consider all experimental uncertainties.
Figure 4 shows that the line widtli' obtained in the partial
heterodyne analysis af®(r) continuously decreases as the

they are stuck in space to form large voids.

Figure 6 shows that in the gel state bdilig and 43
dramatically decrease with an increasing scattering vegtor

cross-linking proceeds, which is different from previous results. Where the scattering volume has already been corrected by a

For example, Shibayama et*élshowed thal increased with

factor of sin@). In LLS, 1/q is the observation length and a

the cross-linking density and attributed it to the decrease of the higher g means that the light probes a smaller dimension in

dynamic correlation lengthffynamid or the mesh size. In the

real space. The length ofdlised here ranges from 35 to 150

present case, the photodimerization of two coumarin groups M. The fact thatlilg ~ [y over the entireq range further
interconnects long linear entangled chains into branched chaingndicates that such a gel is homogeneous and the excursion of

and finally an “infinite” gel network. Once more, it is helpful

the density fluctuation is over100 nm within the delay time

to note that the nature of the dimerization determines that it window of a few seconds used in dynamic LLS. On the other
can occur only between two very nearby coumarin groups. hand, the strong angular dependence reveals that the dimension
Therefore, the cross-linking mostly occurs at the entangled of the density fluctuation in real space must extend ove00

points. In this way, the cross-linking should induce no big

nm22 Figure 6 also shows thditis scaled tag asT” O 2301,

change in the average length of the subchain (blobs) betweenindicating that the relaxation obtained in the partial heterodyne

two entangled points in semidilute solutidnis several orders
slower than previously reported valui&$.Therefore, its related

analysis is not purely diffusive. Unfortunately, some of previous
studies obtained" only from one scattering angle (90 and

relaxation cannot be attributed to the fast motions of the the related relaxation was automatically attributed to be the
subchains (blobs) between two cross-linking points. To have a cooperative diffusiof:!%Later, in the intermediate scattering
more clear picture of the size of the polymer clusters (branched function analysis, such a nondiffusive nature will become more

chains) formed during the sebel transition, a small amount

clear.

of the sample was drawn, diluted, and characterized by dynamic We previously showed that in the semidilute solutions with

LLS before the system reaches the gelation point.
As expected, Figure 5 shows tHéR,) initially has only one

different concentrations there always exist a fast and a slow
relaxation mode. The fast modE;(~ 10* s i.e., D = T'f/cf?

expected peak related to individual linear copolymer chains in ~107% cn?/s) is diffusive, while the slow fluctuatiod’¢ ~ 1(°

dilute solution, but the cross-linking results in a bimodal
distribution. The second peak locatec~&200 nm is related to
large clusters formed afte3 h UV irradiation. Note that the
gelation threshold is-9 h UV irradiation. The size distribution

of the resultant polymer clusters is surprisingly narrow, sug-

s™1) measures internal motions of large transient clusters (density
fluctuation) with a finite long lifetime&®* Note thatl" in Figure

6 is in the same order 43 measured in the semidilute solutions,
much larger thar’;. This forces us to think about the nature of

I" obtained in the partial heterodyne analysis based on eqs 3

gesting that the cross-linking is predominantly controlled by a and 4. As discussed befor€s in the past was sometimes
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Figure 7. Typical Ornsteir-Zernike plots of 1M(q)3 vs ¢?, where 3 o-sr
0(g)3 is time-averaged scattering intensity at scattering vegtdihe o 0=90
ratio of the slope to the intercept leads to static correlation ler§th ( 00
on basis of eq 6. 10° 10° 10* 10° 10% 10" 10° 10'
wrongly attributed to the repetition of individual chains in the t/s

matrix (tube) made of other chains because dynamic LLS is Figure 8. (a) UV irradiation time dependence of intensitytensity
not able to probe the diffusion of individual chains in semidilute time correlation functiony®(q,r) during the sot-gel transition and (b)
solution, except that a small number of chains (probes) are scattering vector dependenceg?(q.z) of the gel formed after 14 h
marked with a large refractive index difference. Note that in YV irradiation.
the past’s was also attributed to the diffusion of the associated
chains, but no explanation was given why homopolymer chains
could associate with each other in good solv@rklso noted
that there has been a suggestion Thds related to the density
fluctuation® but no explanation was given to the variation of
why the scaling exponents in I's ~ g%.

When discussing the density fluctuation, we should note that
there are three different parameters related to such a fluctuation; “log g@(q,7) vs log " is not a straight line. This is

namely, its dimension (size), its a_mplitude (the contrast benNeenunderstandable because the photoreactive coumarin groups
qlenser and sparser parts), and.lts frequency. They are respeCttached on the polymer chain can only fluctuate around their
tively related to the static correlation leng8id, the scattering o jijibrium positions in viscous semidilute solution, so that they
intensity (I3), and the.lln.e widthX) pf.the relaxqtlon. It has have less or even no chance to further interconnect with each
been known thatsaic inside a semidilute solution or a gel  yner after individual chains become part of the gel network.
network can be relgted to the scattering I[ght intensity |, contrast, in the formation of conventional chemical gels, small
(1(@) _and4£r;e scattering vectog)(by the OrnsteirZernike cross-linking agents and monomers can continuously diffuse
equation and react inside the swollen gel network, even after passing
I(q— 0) the gelation thre;hold. o
I(q) = — (6) Another surprising observation is that th(_e apparent co_herent
1+ 0 gatic factor Bapp, the intercept 0§®(q,7) atz — 0, increases during
the sot-gel transition. This is opposite to the decreas@gp

Figure 7 shows typical OrnsteirZernike plots of 1U(q) versus ~ Observed in previous studies, e.g., by Martin et &. the
o2, where&gaicwas calculated from the slope-to-intercept ratio.  gelation of TMSO, by Shibayama et®f?in bulk cross-linking
It is clear that the density fluctuation has a length scale over Polymerization ofN-isopropylacrylamide (NIPA), and by Fang
~100 nm. The decrease 8ficis expected because the cross- €t al?4in the formation of poly(acrylamide) gels. The decrease
linking increases the solution viscosity and modulus. It is Of BappWas attributed to the formation of large frozen-in static
important to note that at the same time, the scattering intensity Components (large voids) because the light scattered from them
increases~1(? times as the cross-linking proceeds (Figure 1). raises the baselirfé.A reasonable explanation of the increase
This is because the cross-linking makes the fluctuation of Of Bappin Figure 8 is as follows. The scattered light intensity
different chains more correlated. Keep this in mind because we comes from solventl{), chain segmentslyo,g, and large
will need it later to discuss the change of the scaling exponent Polymer “clusters” (ciusted, i-€., Isolution = I's + Ibiobs + lciuster

mode still exists at a highey, i.e., a smaller observation length
(1/g). This point has been overlooked in the past.

Itis important to note that after 12 h UV irradiation, the slow
down of the relaxation ceases and there is no further change in
the slow dynamics. Unlike other setjel transitions; 16 here
we observed no critical slow down and no scaling between
g¥(qg,r) andt over the whole delay time window, i.e., the plot

as betweenls andq. Let us not consider the nature of the clusters at this moment.
Figure 8a shows that just like in the semidilute solutityy ( Here,ls normally contributes so little that it can be neglected.
= 0 h), g@(q,7) of partially cross-linked chains agy ~ 6 h Therefore, the intensityintensity time correlation function

also contains two relaxation modes. Previous studies of otherG*(@,7) becomes Mlbiopdq,0) + lcwste(d,0)[lbiobdq7) +
semidilute solutions have already confirmed that the fast lcuste(3,7)]L) The relaxation of the blobs is much faster than
relaxation corresponds to the cooperative diffusion of the that of larger “clusters”, evidenced in Figure 8. Thgé)(q,7)
subchains between two entangled points, well described by thecan be approximated s
“blob” or the scaling theory. There are also indications that the

slow relaxation is related to internal motions of entangled g(z)(q,r) %ﬂ[lcluster

g(l)cluster(q't)

chains?®—48 Note that the extent of each relaxation (the height

of each step) in Figure 8 represents its intensity contribution. It

is clear in Figure 8a that as the cross-linking proceeds the slowwhere for the simplicity of the discussion we did not consider
relaxation becomes even slower and contributes more and morethe cross-correlation term between the blobs and large clusters.
while the fast relaxation apparently disappears. However, Figureln comparison with eq 2, it is clear that the observed intercept
8b reveals that even in the fully developed gel state, the fastis an apparent coherent facfy,, Initially, lnonsis comparable

solution

2
] ()
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Figure 9. Scattering vector dependence of normalized intermediate e ¢
scattering functiorf(q,z) of the gel formed after 14 h UV irradiation. 0.5 e
The inset shows an enlargement of the initial decay of é@gh). g ©
_ _ - 005 4 g 12
t0 lcuster SO thatBappis only a fraction of. As the cross-linking / hr
proceeds(IF increases-1(? times, mainly due to the increase tirradiation
of leuster(@s will be shown later) so théiustef! solution— 1. This Figure 10. UV irradiation time dependence of fast and slow

is why Bappapproacheg (~0.95) as the cross-linking proceeds. characteristic decay time&{{Jand(Z.[J) during the sot-gel transition,
Following this argument, we can explain why,pat a smaller where [#.[d and [3.[d were calculated on the basis of eq 8.

scattering angle is higher (Figure 8b). This is because at a lower . . _ -
scattering angle (gyfis larger), one large object scatteres much whereA and[Z.Jare the intensity weighting and characteristic

more light than one smaller object so that the relative contribu- 4€¢ay time, respectively; subscripts i and “f" denote the fast
tion of luster t lsowtion IS higher. Moreover, Figure 8 shows and slow modes, respectively; anc® < 1, a constant related

that even for the fully developed g&®(q,7) still fully relaxes to the distribution width of the slow relaxation mode. Note that

to zero within the delay time window of a few seconds. It has At A= 1.

to be stated once more that such a complete relaxation is not _Fig9uré 10 shows that during the sgel transition, the
due to the improper normalization as mistakenly done in characteristic decay timé[J of the fast mode only slightly

previous studies, because hgkg, increases during the sel increasgs, whil_e for the slow modé.[d starts to in_cregse after
gel transition. Such a complete relaxation can be better viewed4 N UV irradiation and levels off aty ~ 12 h, indicating that

in terms of the normalized intermediate scattering funcifa) the relaxation becomes slower and slower as the cross-linking
defined on the basis of eq 5. proceeds. It is helpful to note that the characteristic relaxation

Figure 9 shows tha(q,z) at each scattering angle can fully time is proportional to the.friction coefficient) but reciprocally
relax to zero, similar to an ergodic polymer solution, but the Proportional to the elastic and shear moduttias expected,

relaxation is much slower. This further shows that the complete _t;_ck)]th tlhe rr:jodulusfa;rk\]i_j |n|creasei as :.he croslsd-lgwklngl p:rc()jc;ae?s.
relaxation ofg®(q,7) to zero in Figure 8 is not due to an € slow-down of the slow refaxation could be related 1o the

improper baseline normalization. To our knowledge, this is the inprease of the dimension of the density ﬂuctugtign. However,
first observation for a chemical gel thé{t,7) can completely ~ 19ure 7 shows thalsaicdecreases as the cross-linking proceeds.
decay to zero. In previous studies of different chemical and T.herefloret! theffm(irease mcgbﬁoﬂlﬁ (t)nflfy bte gttnbuted 'E[?] the
physical gelsf(q,7) only decay to a nonzero plateau, reflecting ViScoelastic effect, presumably thateffects L4 more than

the static frozen-in components insi#fe’-51Note that in the the modulus. Note that the increaselefld is only ~6 times,
present gel, the polymer chains are chemically cross-linked and*/hich rejects the possibility that the slow relaxation is related
fixed in a three-dimensional macroscopically immobile network, :ﬁ the diffusion ofldthe aSSOC|atedhponmer CTﬁms' It tk\l[s lz/.vas
just as any other chemical gels. The only difference is that the € caselicld would increase much more as the cross-linking
cross-linking in the present gelling system introduces no large proceeds because the diffusion of branched chains (clusters) is

void inside. The full relaxation df(q,7) in Figure 9 reveals that lextremeolly ?rlow i?srilde a gell_ nke_twork. On the otrk;ler Sand, the
the excursion of the cross-linked chains inside the gel network essened effect of the cross-linking oL is reasonab'e because
is over the length scale ofd(~100 nm). This further convinces the fast relaxation is related to the local motions of the subchains

us that the static frozen-in components inside polymer gels are(‘rlo?jn) betlvveer; tW?] entan%Iedl p0||nts.. Th‘? cross-llgklnhg
large voids, not the cross-linked chains (clusters). It is not Should not largely change the local viscosity around the

difficult to visualize that in conventional gels large voids cannot SuPchains or the average length of the subchains because the

relax, but the cross-linked chains surround them can still relax dimerization mostly occurs at the entangled points. Otherwise,
over a length of T ~ 100 nm. [Z:{should decrease as in conventional chemical gels. The slight

The inset in Figure 9 is an enlargement of the initial decay, Ir?prﬁt?sﬁ_oﬁcﬁlihalso L:nderstfatrr]]dablg bheqause the crogs-llnkl_?rg];
which clearly shows that there still exists a fast relaxation mode slightly ninders theé motions of theé subchains in comparison wi

even in the gel state, especially when the observation Iength;hn"’:;r']glgée semidilute solution in which the chains are only
scale (14) is smaller. The relatively larger contribution of the . ) . - -~

fast relaxation at a smaller observation length further indicates 0 F;fgur%%l S_l’]J(_)/\gS thgt IQ thihsemldgu(t)eisglgtbfg—ll_ﬁgﬁ%
that the fast mode is related to some localized motions of the i% 1an h'IS('_ thcg) | thEN' 05 = < X .Zéino(isb_t '
subchains. To qualitatively extract the information related to q L W '? |g$%%e Its'a € ||In|((:rease? 0 t'h LLS t‘; s
these two modes, we combined an exponential decay for the ecreases (o 2. U.1. 11 1S well known from the eory

fast mode and a stretched exponential decay for the slow mode,that for a given scattering object with a si; the scaling

which is normally used for semidilute solution, as follctvg>153 exponent betweel andq incr_eases from 2 to 3 whendl&
y ' R changes to 3> R3839The increase ofi; indicates that the

5 cross-linking makes the motions of different blobs becomes
f(qr) = A ex;{— L) +A ex;{—(i) ] (8) more correlated. The decreaseogfis related to the change of
EAP) EAD the dimension of the density fluctuation. As shown in Figure
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Figure 11. Scattering vector dependence of fast and slow characteristic gel network swollen in good solvent.

decay times @[ and[z.[{) of initial semidilute solution and resultant
chemical gel, wherét[fandZ.[dwere calculated on the basis of eq 8.
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the scattering intensity related to the slow relaxation would

0.20 — decrease because the number of individual chains or clusters in
l e the gel network should decrease as the cross-linking proceeds.
0.15 \ i As discussed before, the increaseltdi,w is because the cross-
. v oua, linking makes the scattered light from different blobs more
< o010t Y correlated. The level-off oflldoy indicates that most of the
\ e b coumarin groups at the entangled points are reacted, and further
005t N UV irradiation has less effect on the gel network.
N Figure 13 schematically summarizes the above discussion
0.00 N about the fast and slow modes. Let us start with a uniform gel
0 4 8 12 network. Such an ideal gel network also scatters the light
t odiation ! DT because of the fluctuation of the subchains (blobs) around their
Figure 12. UV irradiation time dependence of relative intensity —equilibrium positions and the refractive index contrast between
contribution of fast relaxation modé{= /(s + Mldow)] during polymer and solvent. If the blobs are sufficient long, the
the sot-gel tra'nsiti_on. The_ inset shows UV irradiation time dependence thermally agitated random motions (relaxation) should be
of the scattering intensities related to the fast and slow mokigs diffusive with a dynamic correlation lengttEgnami of ~10

and A nm. The cross-linking makes the motions of different blobs more

correlated to each other so thatincreases. On the other hand,
the thermal agitation also induces a large, but slow density
fluctuation of the gel network over a length scale~af00 nm

so that parts of the gel network become denser, as marked with
the dash cycles in Figure 13. The refractive index contrast
between denser and sparser parts leads to an additional scat-
ering. The thermally agitated density fluctuation should be
andom, behaving just like the slow diffusion of large “clusters”
randomly from one place to another. The scattering exponent
os ranges between 2 and 3, depending on whether the range of

Figure 12 shows that the relative intensity contribution of /., ; ; :
. O g is much larger or smaller than the dimension of the density
the fast relaxation mode\ = ligs/(Hlksi+ Qldow)] decreases g 04 ,ation, The difference between a semidilute solution and a

as the gross-linking proceed§. Note th_at at the same time thegeI network is that the cross-linking hinders the density
overall time-averaged scattering intensitfy) increases-10? fluctuation, reduces its dimension, and increases its amplitude
times during the setgel transition. Th_e inset of Figure 12 shows (the contrast between denser and sparser parts). As expected,
that the absolute scattering intensity related to the fast modeg, 5 gel network with a much higher cross-linking density, the
(st = TEAr) actually remains a constant. Unfortunately, —pqrions of the blobs are suppressed and the dimension of the

previously reported studies never realized such important yegity fluctuation becomes much smaller tha This might
information, which can be easily obtained from a combination explain why only onep-dependent relaxation was observed in

of static and dynamic LLS. The constaiifiks and the near o506 nrevious studies of highly cross-linked chemical gels. It

constantz[ddirectly reveal that the cross-linking indeed mostly ¢,41d be noted that in the study of polystyrene semidilute

occurs at the entangled points so that there is no S'gn'f'ca.‘msolution, Strobl et a¥’ did find that the slow relaxation is

change in the average length of the subchains (blobs). Otherwise it ,sive when the -
e y used an extremely large range qf lt/is
both iy andlzcldwould change as the cross-linking proceeds. 1 o1o6,| to note that the density fluctuation is also influenced

On the qther hand, the inset cl_early ShOV‘_’S that the cross-linking by the chain length and concentration. A qualitative prediction
greatly increases the scattering intensity related to the slow ¢ qittarent effects is much needed.

relaxation (Igow). A combination of Figures 7 and 12 shows
that the increase diildioy is not due to the increase @tatio
The increase offlldoy further excludes any possibility of
attributing the slow relaxation to the diffusion of individual The incorporation of the photocrosslinkabe group 7-acryloyl-
chains or clusters inside the gel network. If that was the case, oxy-4-methyl-coumarin (AMC) into poly(methyl methacrylate)

7, in the semidilute solutioBsiaic > 1/q so that the light probes
the internal motions of large density fluctuation amgl~ 3.0

=+ 0.1, while in the gel statésaic~ 1/g so that the light detects
only part of internal motions, similar to the study of long
polymer chains or large microgels whermqi$ comparable to
the size of the chaiP?56 This is whyos decreases from 3.0 to
2.3. The nature of the fast and slow modes can be better viewe
in terms of the variation of their related scattering intensities
during the sot-gel transition.

Conclusion



5540 J. Phys. Chem. B, Vol. 108, No. 18, 2004

(PMMA) chain backbone enables us to convert a semidilute

solution to a chemical gel in a controllable fashion. Such a

Ngai et al.

(10) Tanaka, T.; Hocker, L. O.; Benedek, G. B.Chem. Phys1973
59, 5151.
(11) Munch, J. P.; Ankrim, M.; Hild, G.; Candau, $.Phys. Lett(Fr)

resultant gel is homogeneous and speckle-free; namely, the time-1983 24 1-37.

averaged scattering intensit¥i[§) equals the ensembly averaged
scattering intensity[{g) over different sample positions. The
lack of obvious speckles simplifies the study of gel dynamics.

Our results showed that there always exist two relaxation modes

during the sot-gel transition; even the fast mode sometimes

(12) Pusey, P. N.; van Megen, Whysica A1989 157, 705.

(13) Panyukov, S.; Rabin, YMacromolecules996 29, 7690.

(14) Pusey, P. NMacromol. Symp1994 79, 17.

(15) Wu, C.; Zuo, J.; Chu, BMlacromoleucle€989 22, 633. Wu, C;
Zuo, J.; Chu, BMacromoleuclesl989 22, 838.

(16) Shibayama, MMacromol. Chem. Physl998 199 1 and the

apparently disappears at smaller scattering angles. These tw@eferences therein.
modes can be traced back to the two corresponding modes in  (17) Panyukov, S.; Rabin, YPhys. Rep1996 269, 1.

semidilute solution; namely, the fast diffusion of the subchains

(blobs) between two entangled points and the slow thermally

(18) Mallam, S.; Horkay, F.; Hecht, A. M.; Geissler, E.; Renie, A. R.
Macromoleculed 991, 24, 543.
(19) Horkay, F.; Hecht, A. M.; Mallam, S.; Geissler, E.; Renie, A. R.

agitated density fluctuation. In the present system, the charac-macromolecules1991 24, 2896.

teristic decay timelg.[d~ 107 s) of the fast relaxation is much
faster than that of the slow relaxatioft{d ~ 10° s). The

complete relaxation of the normalized intermediate scattering

function f(qg,7), a direct measurement of the static frozen-in

(20) Shibayama, M.; Tanaka, T.; Han, C. L.Chem. Physl1992 97,
6892.
(21) Rouf, C.; Bastide, J.; Pujol, J. M.; Schosseler, F.; Munch, J. P.
ys. Re. Lett. 1994 73, 830.
(22) Joosten, J. G. H.; Gelade, E.; Pusey, PPhys. Re. A 199Q 42,

components, reveals that the excursion of the cross-linked chains2161.

on the gel network is over the length scale of & 150 nm

during the delay time window of a few seconds used in dynamic

LLS. It further indicates that the static frozen-in components
inside conventional gels are large voids formed during the sol

gel transition. Therefore, the speckles of polymer gel is not
intrinsic. Using such a concept, we can satisfactorily explain

the effects of the amount of cross-linking agents, the swelling

(23) Joosten, J. G. H.; Mccarthy, J. L.; Pusey, P.M&cromolecules
1991, 24, 6690.

(24) Fang, L.; Brown, WMacromolecules992 25, 6897.

(25) Shibayama, M.; Norisuye, T.; Nomura, acromoleculed996
29, 8746.

(26) Ikkai, F.; Shibayama, MPhys. Re. Lett. 1999 82, 4946.

(27) Moussaid, A.; Slot, H. J. M.; Joosten, J. G.IhL. J. Polym. Anal.
Charact.1995 2, 43.

(28) Ikkai, F.; Shibayama, MPhys. Re. E. Rapid Commuril997, 56,

extent, the reaction rate, and the solvent quality on the rs1.

inhomogeneity as well as on the scattering intensity. During
the sot-gel transition,[@.[{ and its related scattering intensity
st remain constants, revealing that the cross-linking mostly

occurs at the entangled points and has no effect on the length
of the subchains (blobs). On the other hand, the cross-linking

reduces the dimension of the density fluctuatidufc de-
creases), slows down the density fluctuatidf.[{l becomes

(29) Shibayama, M.; Ikkai, F.; Shiwa, Y.; Rabin, ¥. Chem. Phys.
1997, 107, 5227.

(30) Moussaid, A.; Munch, J. P.; Schosseler, F.; Candau, B Rhys.
Il (Les Ulis, Fr.) 1991 1, 637.

(31) zhao, Y.; Zhang, G. Z.; Wu, QMacromolecule001, 34, 7804.

(32) Krall, A. H.; Huang, Z.; Weitz, D. APhysica A1997 235, 19.

(33) Kuznetsova, N. A.; Kaliya, O. LRuss. Chem. Re1992 61, 683.

(34) Ngai, T.; Wu, CMacromolecule003 36, 848.

(35) Li, W. J.; Lynah, V.; Thompson, H.; Fox, M. Al. Am. Chem.

longer), and increases the contrast between denser and sparsey, 1997 119 7211

parts of the density fluctuatioril{d,w increases). In comparison
with the chain dynamics in semidilute solution, the cross-linking,
as expected, makes the motions of different “blobs” less
independent so that the scaling exponenj (n 1/@:{ ~ q*

increases, and at the same time, the relative LLS observation

length (14) decreases so that decreases from 3.0 to 2.3.
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