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ABSTRACT: Dust-free semidilute and concentrated polystyrene (PS) solutions in two solvents were prepared
by conventional slow evaporation and in situ living anionic polymerization that removes previously troublesome
artifacts, such as dust contamination and a concentration gradient. Their dynamics was reexamined by a combination
of static and dynamic laser light scattering. As expected, only one fast diffusive mode was observed in benzene
(an athermal solvent for PS) up to 20% concentrati@) &ttributed to thermally agitated fluctuation of chain
segments (“blobs”) confined in a noninteracting “tube” made of its surrounding chains. In cyclohexane, whose
quality as a solvent for PS decreases with the temperature in the rarg® 32, we observed an additional

slow mode. The slow mode is enhanced as the solvent quality decreases. The scaling expphetwéen its

related line-width [g04) and the scattering vectog) i.e., Tsiow ~ g%, decreases from 3 to O &increases,

which suggests that the slow mode has different natures, dependid@henC is only a few times larger than

the overlap concentratiorCf) but lower than the entanglement concentrati@){(i.e., not all the chains are
entangled together, the slow mode is related to transient interchain segsegnient interaction-induced clusters.
WhenC/C, > 1, it is attributed to the confinement of each chain inside an inhomogeneous tube with a “band”-
like structure due to relatively stronger segmesggment interaction near the entanglement points.

Introduction scattering. For a distance longer tharthe segmentsegment
interaction is “completely” screened out in an athermal sol-
vent>7:8 Previous results are well represented by two master
curves: s ~ C072:001gnd g ~ C0.70:0.01 glightly deviated
from & ~ C%75predicted in theoriek? These scaling relation-
ships are sometimes used to judge whether a study of semidilute

At the overlap concentratiorCf), polymer chains start to
“touch” each other and the solution enters the semidilute regime.
C* is defined as 81/(47NaRy%) or M/(232NaRy®) or [17]71, where
M, Ry, Na, and [y] are the molar mass, the radius of gyration,
the Avogadro constant, and the intrinsic viscosity, respectively. . ) .
The difference ofC* calculated from these definitions could solutions 's_ _credltable. )
be as large as 5 times. On the other hand, at the entanglemen; ©On€ additional slow relaxation mode has also been observed
concentrationCy), polymer chains start to interwind with each oM time to time in the intensityintensity time correlation
other, whereC, can be estimated from the ratio of the chain functions of various semidilute polymer solutiols® This

length () and the entanglement lengthd)3 Ce is higher than additional slow mode was previously assigned to different
C*. Note that for chains shorter thdn, they are not able to physical origins, such as the reptation of the entire chain inside

entangle with each other even at higher concentrations. a “tube” made of its surrounding chait&the scattering vector

i i i ; 2
The mean-field theory can effectively describe some proper- (@) independent rellaxatlor? of a transient netwdrk the
. . . dependent translational diffusion of large aggregates or even
ties of polymer solutions over the whole concentration range

i ,14,15,17,1. i i i

but fails to explain other static and dynamic properties becausedusF partlcles;, 10 83”0' mterna_l motions of large transient
of strong intra- and interchain interaction among covalently chain clusters*Later, it was realized that the reptation is not
bonded monomers. De Genfigsand his co-workers used the observable in dynamic laser light scattering (LLS) due to its
concept of a “blob”, roughly defined as the segments between nature. To rule out a poss_lb_le effect of dust p_alrtlcles_, one h_as
two neighboring c’ross-linking points, and developed some to prepa_re_adust-free_sem|d|_lute polymer sc_)lu_t|on,wr_1|ch is still
scaling laws to predict various properties of semidilute solutions. rathgr d|ff|gUIt, If not impossible, because it is too viscous to
In a transient gel model, there exists only one characteristic be directly filtered. Therefore, a large volume of dust-free dilute

Y - - - : solution is first prepared and then concentrated by slow
length or one dynamic process in semidilute solutions if the . .
solvent is thermodynamically good or athermal. Namely, the evaporation. The whole process could take months. Even using

thermal energykeT) can only agitate one short segment of the such a pglnful process, one s'qll faces a concentration gradient
. ; . .__problem, i.e., the upper layer is likely more concentrated than

chain so that its gravity center undergoes a random Brownian the bottom laver

motion inside a confined volume. The static and dynamic h . ﬁ/ ) hard and tattributed

correlation lengths§s and&p) can be measured from the angular T eoretically, Srochard an De_Gen attributedDc to

dependence of the average scattering intensity and the averagd'€ ©Smotic modulusM-), the elastic modulusMp), and the

cooperative diffusion coefficientDg), respectively, by light riction coefficient €) as Dc = Mz + Mg)/Ec. Adam and
b D) b ¥, by 1d Delsanti® allowed the transient gel network to relax and
assigned the-independent slow mode with a viscoelastic nature
* Corresponding author. The Hong Kong address should be used for all and a characteristic time,J. For a time scale shorter than
d . . . ’ .
Corfrfjsn?\c,’grsigcgf Science and Technology of China. the semidilute solution behaves like a gel network so that both

*The Chinese University of Hong Kong. M, and My contribute to the longitudinal modulus. For a time
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scale longer tham,, the chains can disentangle with each other
so that the relaxation is like in a viscous liquid. On the other
hand, Wang and co-workeéfs?* related the slow relaxation to
the viscoelasticity under thé condition from the osmotic

Macromolecules, Vol. 41, No. 3, 2008

KC 1
R (@)

MW
whereK = 472n%(dn/dC)%(Nalo?) andq = (4wxn/Ag) sin(@/2) with

(1 + %mgmﬁ) +2AC @

pressure fluctuation without using the concept of a transient Na, dn/dC, n, and 4o being Avogadro’s number, the specific
ge| network The Cooperat“/e d|ffus|0n and the Vigcoe'astic effect refractlve |ndeX |nCrement, the SO|Vent refract|Ve |ndeX, and the

are generally mixed, depending on the frequency and a coupling

parameter £). 8 = (Clp)(Vs — Vp)/Vs, proportional to the
difference between partial specific volumes of polymer and
solvent /s — Vp), andp is the solution density. The influence
of longitudinal modulus on the concentration fluctuation leads
to a broad distributiof3241f 8 = 1, there exits only one stress
relaxation modeD. becomes identical to that predicted in the
transient gel network modéf®

Experiments around th&condition indicate that the solvent
quality has a profound effect on the slow relaxati®ré! Not

wavelength of the light in vacuum, respectiveby is the second
virial coefficient. The plots of KC/R(q)]c—o versusg? and KC/
Rn(9)] o0 VersusC, respectively, lead taR2CandA,. In semidilute
solutions, eq 1 is not applicable because molecular characteristic
properties of individual chains are screened. Therefore, we have
to use[RyUand A, obtained in dilute solutions to estima@ and

the segmentsegment interaction.

In dynamic LLS, the intensityintensity time auto-correlation
function G@(q,t) is defined as((qg,0)I(q,t)II(g)@ when the
homodyne mode is measured, wheig the delay time andi(q)d
is the time-average scattering intensity, i.e., the measured baseline.
G@)(q,t) is related to the normalized electric fielfield time auto-

everyone accepts or recognizes such a slow mode, even thougRorrelation functiorig®(t,q)|, defined asE(0,q)E*(t,q)ZE(0)E*-
it has been repeatedly observed for more than three decades(0)r) by the Siegert relation &
because of some problems or questions related to previous light-

scattering experiments, such as some earlier premature data
analysis methods and the preparation of dust-free viscous

semidilute solutions. As an important remaining and contro-

versial problem in polymer science, it deserved to be reexam-

ined; namely, (1) whether the slow mode is real, not due to
some previously suggested artifacts; (2) if real, under which

condition it appears; and (3) its physical nature. Advancements

of laser light scattering instrumentation, including the full digital

time correlator and computer, have made the dynamic study of

G®at) = AlL + BIg™(t.a)I] (2)
where A is the measured baseline afidis the coherent factor,
depending on the detection optics. For a broadly distributed
relaxation, |g(t,g)| is related to a characteristic relaxation time
distribution G(7)) as

lgM o)l = J:G(T) e "dr 3)

semidilute solutions much easier and more reliable, but the The Laplace inversion of each measu@@(q,t) can lead to one
preparation of dust-free viscous semidilute solutions still remains G(r) on the basis of egs 2 and 3. In this study, the CONTIN program

an experimental challenge.
Traditionally, viscous dust-free semidilute solutions are

prepared by slow evaporation of solvent from a dust-free dilute

in the correlator was usedPreviously,G@(q,t) was analyzed with
different methodg617.23.27.4243including a combination of two
stretched exponential functions, such as

solution (the increase of polymer concentration). On the basis [c@(qt) — AJ/A = Bappared Ay €XPI— (/7)1 + A exp[—(t/r)*]}?

of the definition ofC*, one can also chang®&; or M to switch

a solution from dilute to semidilute for a fixed polymer
concentration. An in situ change & or M or both inside a
LLS cell can completely avoid possible problems of dust,
solubility, and inhomogeneity. Further, a comparative study of

polymer chains in an athermal solvent and in a less good solvent

under an identical experimental procedure will also be very
helpful. Here, we focus on the effect of solvent quality on the

(4)

where Bapparent < B, @n apparent coherent factok and As are
intensity contributions of the fast and slow modes, respectively;
andAs + As = 1. In this study, by varyings andds and comparing
relative errors of different fittings, we found that one translational
diffusion term (i.e.,0r = 1) plus one stretched exponential term
with 0 < 65 < 1 lead to the most stable results.

Sample Preparation. First, the traditional filtration was used

slow mode by using some novel solution preparation methods,to prepare a dilute dust-free polystyrene solution and then the

different from previous studi€’;23:32-36 including (1) using the

solvent was gradually removed by slow evaporation. Five narrowly

temperature dependence of the chain conformation of polysty- distributed polystyrene standards (PS1, PS2, PS3, and PS4 from

rene (PS) in cyclohexane to switch a solution from dilute to
semidilute; and (2) using anionic living polymerization to

directly prepare dust-free semidilute/concentrated solutions (up

to 30%) of narrowly distributional PS chains in two different

Polymer Source and PS5 from Polymer Laboratories) were used
as received. Both analytic grade toluene (an athermal solvent) and
cyclohexane (a less good solvent in the range 38%°C and a
poor solvent in the range 3284.5°C) were from Aldrich. Toluene
was used without further purification, but cyclohexane was

solvents. It should be noted that using the temperature, we aregenydrated under argon with sodium. The overlap concentration

not only able to chang€* but also the solvent quality for PS
in cyclohexane.

Experimental Section

Laser Light Scattering. A commercial LLS spectrometer (ALV/
DLS/SLS-5022F) equipped with a multidigital time correlation
(ALV5000) and a cylindrical 22 mW UNIPHASE HeNe laser
(Lo = 632.8 nm) as the light source was used. The details of LLS
instrumentation and theory can be found elsewReéfeIn static

(C*) for each PS sample was estimated frorivl/@zNaR®).
Molecular parameters of the PS standards in toluene are listed in
Table 1. The raticC/C* indicates the concentration range studied.
In cyclohexane, we can fi€ but varyC* by changing the solution
temperatureT) in the range 3350 °C to changeRy. All the PS
solutions in toluene were clarified by 0.4Bn Millipore filters
(Hydrophobic Millex-LCR, PTFE) to remove dust and then kept
at 25+ 0.1°C for at least two weeks before LLS measurements.
Dust was removed from the solutions of PS3 and PS5 in cyclo-
hexane by a 0.4xm Millipore filter (Hydrophobic Millex-LCR,

LLS, the excess absolute time-averaged scattered light intensity,nylon) at 50°C. The solutions were kept at S for at least 1

known as the excess Rayleigh rafy(q), of a dilute polymer
solution at concentratio@ (g/mL) is related to the weight average
molar massvl,, the root-mean squameaverage radius of gyration
R,2F2 (or written asR,[), and the scattering vectaras

month to ensure no concentration gradient inside. During the slow
evaporation, a 0.Am filter was attached to the cell cap via a hollow

needle so that no dust could enter the solution. The polymer
concentration during the evaporation was determined by weight.
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Table 1. Molecular Parameters of Five Polystyrene Standards in Different Solutions

c/C

sample Mw (g/mol) Mw/Mn solvent T(°C) Ry (nm) C" (g/mL) Az (mol cré/g?) studied
PS1 1.16x 10° 1.06 toluene 25 13 2.2 102 4.6x 104 1.0-45
PS2 5.1x 1P 1.06 toluene 25 31 6.% 1073 3.3x 10* 2.6-13
PS3 1.83x 1P 1.08 cyclohexane 50 51 55103 1.7x 104 1.0-4.0
PS4 2.08x 10° 1.08 toluene 25 73 2% 1073 2.4x 104 4.5-13
PS5 6.85x 10° 1.06 toluene 25 146 79104 1.8x 104 3.9-21
cyclohexane 50 111 201073 3.1x10° 1.0-16

In toluene, the measurement temperature was kept at°’®5.0  discussed from another perspective as follows. Assuming that
In cyclohexane, the temperature was varied in the rangeb83  each chain in a semidilute solution can be divided into a number
°C, crossing the) temperature (34.3C) without any interchain ~ of subchains or segments (“blobs”) and all the “blobs” are
siccaion b cch L messmer e Coldapandan e Ry o M) W i

; are the numbers of blobs in a semidilute solution and monomer
the measured and calculated data points was less than 0.1%. The = .~ . ; .
solutions were kept at each temperature for 10 h before the LLS UMS inside each blob, respectively. Note tNgkonoios is the
measurement. Even with such precaution, it is still problematic to total number of segmentSli{egment and proportional taC. On

use evaporation to prepare a concentrated solution with a higherthe other hand, the correlation leng8) (s related toC as& [
C/C* because it is difficult to render a large volume of dust-free  C~%">and& 0 nyion®in an athermal solvent since each segment
dilute solution and also because the high viscosity at the later stageinside a blob is still a self-avoiding Gaussian chain. Therefore,
of evaporation hinders the removal of a possible concentration we also obtairllld-o 0 C%2% The scaling in the inset agrees

gradient. To solve this problem, we used in situ living anionic well with the prediction and shows that the solutions studied
polymerization to prepare concentrated dust-free polystyrene solu-are indeed in the semidilute regime.
tions directly inside the LLS cell with a high-vacuum stopcock. 6 . .
In anionic living polymerizationsecbutyllithium in n-hexane/ AS exlpected; only one fast relaxatlor! mode IS observed over
cyclohexane (1.3 M) and dibutylmagnesium in heptane (1.0 M) the fenure concentratlon range, consllstenj[ with some of the
were purchased from Aldrich. The purification methods for styrene, Previous studie$? Its related average line-widthi{({ = 1/(2()
benzene, and cyclohexane are standard. Styrene was mixed witts not only a linear function o6 but also passing through the
benzene or cyclohexane at the required volume ratio and stored atorigin asq — 0, a characteristic of diffusive relaxation. The
—20°C in the refrigerator inside a drybox (MBraun Unilab; © slope ofT'[{Iversusy? leads to a cooperative diffusion coefficient
0.1 ppm and KO < 0.1 ppm) before use. The initiator solution (D), or further, to the dynamic correlation lengtip) defined
was added into a styrene solution inside a drybox &CQunder by the Stokes Einstein equatiortp= kg T/67770Dc. On the other
stirring. The reaction mixture was immediately clarified by a 0.45 hand, we can also get the static correlation lengd) 6f a

um PTFE hydrophobic Millipore filter. The anionic living polym- e - -
erization in benzene proceeded at the room temperature. Intsﬁmg"mte _soIZutlor_lkfrom th?. aggslﬂ?rBd?rf)endencﬂé(opEUsmg
cyclohexane, the reaction was done af@or 3 days. The living e Urnsteirzermike equation: 0th &p fast andSs fasiare

chains were terminated by briefly opening the high vacuum Scaled taC aséssi~ C0720:9% similar to previous results?1°
stopcock. Each solution was kept at 80 for at least one week In an athermal solvent, linear polymer chains in a semidilute
before the LLS measurement. Afterward, the degree of polymer- golution entangle with each other to form a transient network
ization was determined using GPC with a Waters-1515 pump, HR3, g1q the solventsegment interaction is stronger than the
gg:&i?dTﬂlFiew\é\gaLeer;ngsr?ﬁgle?SLUnT?:’Gan Zr\{gyt?]té ';f'@\'/";:teseg_menfsegment interaction. Therefore, thermally agitated
- ' motions of the segments inside different blobs are independent
was 1 mL/min. - .
from each other and the light scattered from them is not
Results and Discussion correlated. In other wordsgach chain is confined inside a
. . . _uniform tube and all the blobs are dynamically “identicallhe
In a creditable and reliable LLS experiment, the preparation intensity-intensity time correlation function only reflects dif-
of a dust-free solution is vitally important, especially for viscous  fysjye motions of the segments inside each blob, arrested around
semidilute solutions. To verify whether the previously observed {neir gravity center in a short time scale. In a parallel experiment,
slow mode is due to some artifacts, we first repeated studies Ofusing the same solution-preparation method, we further studied

polystyrene (PS) in toluene” 2 We first clarified a dilute  gynamics of semidilute solutions of polystyrene in cyclohexane,
solution by filtration. The solution temperature was kept at 25 5'|ass good solvent even at 50.

°C to allow a gradual removal of solvent so that the solution

changed from dilute to semidilute. In our experiments, the 0.18
evaporation was so slow that the whole process lasted for about 10

1 year from the initial dilute solution to the final highest | T
concentration. In this way, the chains have sufficient time to
diffuse so that a possible concentration gradient inside the
solution, especially at the later stage of evaporation, can be
avoided.

Figure 1 shows how the polymer concentrati@) ihcreases
with the evaporation timet), The inset shows that the time-
average excess scattering intensifig(-o = Mldoiution — Midoiven)
degrze&taosoess af€ increases, foIIo%/ving a scaling dill§— O evaporation
C0-2250.05 For a polymer solutior,[ld—o O (ke T/V)C/(97/9C), ) L .
whered/dC is the osmotic compressibility. In dilute solutions, gg%?yrléngngggggg fl:"‘sel,dS'%ezr,‘dﬁgfaﬂdcgg%%mﬁhe(ge@ #Le inset

d7t/0C = NakgT/M and therill o [1 C. In semidi'lute solutions,  shows concentration dependence of average scattering intefijty)(
0r/dC 0 C¥* so thatlllld-o O C¥4 Such a scaling can also be  as scattering vector) approaches zero.

0251005
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;Z \ Figure 4. Reaction-time dependence of time-average scattering
00 T T intensity (I0) during in situ anionic polymerization of styrene in benzene
t/s inside a light-scattering cell.
Figure 2. Intensity—intensity time correlation functions and charac-
teristic relaxation time distributions(zr)) of PS5 in toluene (an 5F
athermal solvent at 25C) and in cyclohexane (a good solvent at 50 5
°C) with a similar reduced concentration. ) g
- 4r o T=25°C
0.8 — [1=) 0=90°
ATy > [}
. =~ 3t
G(r) PS3 A EHHD
\7 \D\D\
0.4F in cyclohexane 2F D\D\D
—_ 0 100 200 300 400
< = .
'0.0 e . min
= . O reaction
= Figure 5. Reaction time dependence of average characteristic relaxation
NG time (@0 during in situ anionic polymerization of styrene in benzene
— 04 inside a light-scattering cell.
in cyclohexane
range to avoid phase separation. The reversible temperature
0.0 dependence dill{—o without any hysteresis further shows that
10° 10" 107 10° the observed slow mode in the solution is not due to some
t/s suggested artifact§:17.23.27.4749
Figure 3. Intensity-intensity time correlation functions and charac- In the above parallel and comparative studies, we only change
teristic relaxation time distributions(z)) of PS3 in cyclohexane in an athermal solvent (toluene) to a less good solvent (cyclohex-
two different concentration regimes; namely, dilu@@* ~ 1) and To furth that th | d b d f
semidilute C/IC* ~ 4). ane). To further prove tha e slow mode observed for

polystyrene in cyclohexane in the temperature range5%°C

Figure 2 shows a comparison of dynamics LLS results in is real, we decided to use living anionic polymerization to
toluene and in cyclohexane. The results were different even prepare more concentrated dust-free solutions directly inside
though the solutions were prepared by an identical procedure.the LLS cell with a high vacuum stopcock, starting from a dust-
There is an additional slow mode in cyclohexane with a similar free monomer solution. Initially, we tried to follow the kinetics
reduced concentratiorC(C*). Moreover, Figure 3 shows that  of the polymerization of styrene in benzene using an in situ
such a slow relaxation mode in cyclohexane appears only whenLLS measurement but failed because the initial reaction was
C > C*. Note that cyclohexane at 5TC is not an athermal  too fast to be measured. Only at the later stage, can we change
solvent for polystyrene because théemperatureTp) is ~34.5 the time-average scattering intendityy .o and measure the time
°C. The slight shift of the fast mode to the left (even faster) as correlation function to obtain the characteristic relaxation time
C increases is reasonable and expected because its relatefz0).

dynamic correlation length&fo,) decreases a€ increases. Figures 4 and 5 show the reaction time dependencealof
Because of a similar reason, the intercept at 0, i.e., fapp andlld—o. A combination of the scaling law§po, 0 7 0 C#
also becomes smaller in the semidilute solution becélligg, and o O Npiob(Noiob)? T NpionC O EpiosC should lead tdld
decreases Witlpiop. 0 ¢ 1), whereu = 0.75 andv = 0.6 in an athermal solvent.

To ensure that such prepared semidilute solutions are freeAssuming a constant viscosity, we would haMgl 0 713,
from dust particles or insoluble chain aggregates or a possibleHowever, Figure 6 shows thaf 1] [z[977. The scaling exponent
concentration gradient, we measured the sample positionis much larger thardt/s. Note that the data points are slightly
dependence of time-average scattering intensiligby ran- curved and the slope decreases[@Sincreases. The high
domly lifting and rotating the scattering cell to let the incident exponent indirectly suggests that the microviscosity is not a
laser beam hit different parts of the solutiafiClrandomly constant during the polymerizatidh®® At the end of polym-
fluctuates around an average value and no speckle so that thesrization of each solution, we can terminate living PS chains
solution is “homogeneous”. Note that the scattering volume is and measure their weight average molar madg)( For the
about 200x 200 x 200 um?® at 9C. Further, we monitored solution studied in Figures—46, we found thatMl,, ~ 5.3 x
[Itd—o during one cooling-and-heating cycle. We found a sharp 10° g/mol and the polymer concentration is 0.18 g/mL, GC*
increase ofll}q at ~33 °C, signaling interchain aggregation. ~ 30. Even with such a high concentration, there is still only
In the temperature range 345 °C, the solution is in a one-  one fast relaxation mode, agreeing well with the prediction in
phase region. Hereafter, we only vary the temperature in this an athermal solvent.
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1.7 Some previous studies of linear homopolymer chains in an
athermal solvent also showed an additional slow relaxation
__l6f & mode?’-16:324445|n comparison with the current results, those
A observed slow modes could only be attributed to artifacts, such
¥ sl as a concentration gradient, imperfect dissolution, polydispersity,
g’ P or dust particles. The earlier attribution of such a slow mode to
the chain reptation is certainly incorrect because dynamic LLS
cannot distinguish one chain from surrounding chains in a
3 ) ) ) ) ) homopolymer solutio”? except for a polymer sample with a
48 47 46 -45 44 43 42 high polydispersity. After showing that the slow relaxation mode
log (<t>/s) is real and only appears when the solvent quality is less good,
Figure 6. Scaling between time-average scattering intengifiand we hereafter only discuss the results of PS in cyclohexane. Table
average characteristic relaxation tiniéd during in situ anionic 2 summarizes parameters of 10 solutions of PS in cyclohexane
polymerization inside a LLS cell. with different concentrations and average molar masses prepared
by living anionic polymerization.
PSinbenzene T=25°C M, =53 x 10" gimol Figure 9 shows that there is only one expected fast relaxation
Sl €230 mode in cyclohexane when the solution is dilute, independent
of the scattering angle. As soon as the solution becomes
semidilute, i.e.C/C* > 1, an additional slow relaxation mode
appears in the measured intensitgtensity time correlation
s function. The analysis of such a time correlation function on
el 0w the basis of eq 4 leads to two characteristic relaxation times
/10" em? (@PandzL). Figure 10 shows that for Solution 1 listed in Table
. 2, the slow mode becomes more obvious at smaller scattering
angles. Note that in LLS, the observation length is directly
tq2 / s/em’ proportional to 1d, i.e., large objects are more visible at smaller
Figure 7. Scattering vector dependence of intensitytensity time fcatterlng angles. Also note that hez&” IS only ~1.4 at 45
correlation functions of polystyrene in benzene, where the delay time C andC/Ce ~ 0.1 so that most of the chains are not entangleq
(t) is scaled withg?. The inset shows scattering vector dependence of With each other. In a less good solvent, those entangled chains

10°

—_
S

- 15

S
@

—_
<

[GP(0) - AJ/A

r/10's

107k

10° 10 10°

the average line-width. behave like large transient clusters within the delay time window
. in dynamic LLS due to relatively stronger segmesegment
10 interaction in comparison with in an athermal solvent. Moreover,
R RSARR we found that the characteristic line-widti'{) is scaled ta
§ " as s~ ¢, also indicating that the slow mode reflects some
<F 10 s internal motions of large scattering objects. We will come back
E M50 g TIC to this point later.
B0t aeln Am On the other hand, Figures 11 and 12 reveal that at a low
= T=25C ——297 scattering angle, the decrease of the solution temperature makes
e the slow mode less obvious and results in a decrease of its
10° 1(')_3 1(')_2 s intensity contribution (the peak area). At 32, the slow mode
completely disappears in the whole angular range and only one
tIm /sK/ep fast mode is observable. For Solutions 2 and 3 listed in Table
Figure 8. Temperature dependence of intensiiytensity time cor- 2, we get a similar result. As discussed befOI'e, the decrease of
relation functions of polystyrene in benzene, where delay tithés the solution temperature makes the solvent quality poorer and
scaled with solution temperaturg)(and solvent viscosityr). the segmentsegment interaction stronger so that polystyrene
As shown in Figure 7, the scaling of the delay tintewith chains contract as the temperature decreases, resulting in an

g2 makes the measured time correlation functions at different increase of2*, which can switch a solution from semidilute to
scattering angles collapse into one curve. The inset shows thadilute for a givenC, i.e., fromC/C* > 1 to C/C* < 1 when

the average line-width T} = 1/[) is a linear function of?, CIC* is not higher at higher temperatureSur comparatie
passing through the origin, a characteristic of diffusive relax- Studies of different soénts, concentrations, and temperatures
ation. As discussed before, this fast relaxation mode could be corvincingly demonstrate that the slow mode is real due to the
modeled as the cooperative motions of the “blobs” confined Solent quality, not due to some piieusly suggested artifacts.
inside a “tube” made of its surrounding chains. Using the NoOte that using the temperature, we only cha@yé a limited

identical anionic polymerization procedure, we prepared three fange. For a more concentrated polystyrene solution, the

additional solutions of polystyrene in benzend,(= 4.83 x decrease of the solution temperature cannot switch it from
10* g/mol, Mw/M, = 1.05, andC = 0.091 g/mL;My, = 1.14 x semidilute to dilute.
1C° g/mol, My/M, = 1.07, andC = 0.11 g/mL;M,, = 2.86 x Figure 13 shows that for a more concentrated solution, the

10* g/mol, M,/M, = 1.17, andC = 0.18 g/mL). Only one fast  decrease of the solution temperature leads to the increase of
relaxation mode was observed in their measured intensity the intensity contribution of the slow mode. Here, the double
intensity time correlation functions. Figure 8 shows that such a logarithmic plot makes the slow mode more visible in the
fast relaxation mode is also independent of the solution measured time correlation functions, but its actual intensity
temperature ™) after the scaling of the delay timé) (with T contribution is only a few percent, which can be better viewed
and the solvent viscosity, which is expected because benzenan its related peak ared{) in the characteristic relaxation time

is an athermal solvent for PS in the temperature range studied.distribution G(z) calculated from the Laplace inversion of the
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Table 2. Characterization of Solutions of Polystyrene in Cyclohexane Prepared by Living Anionic Polymerization Directly Inside a Laser

Light-Scattering Cell

solution C (g/mL) My (g/mol) Mw/Mp C* (g/mL) CICj5-¢ Ce(g/mL)2 CICe
1 9.1x 102 4.6 x 10¢ 1.07 6.5x 1072 14 7.8x 107t 0.1
2 1.1x 101 9.7x 10* 1.07 3.9x 1072 2.8 3.7x 10t 0.3
3 1.8x 10! 5.8x 10* 1.06 5.6x 1072 3.2 6.2x 107t 0.3
4 1.8x 101 1.1x 10 1.06 3.5x 1072 5.1 3.3x 10! 0.6
5 1.8x 101 1.7x 10° 1.20 2.5x 1072 7.1 2.1x 101 0.9
6 1.4x 101 55x 1P 1.08 1.2x 1072 12 6.5x 1072 2.2
7 1.8x 107t 4.8x 10P 1.09 1.1x 1072 16 7.5x 1072 24
8 2.7x 101 5.4x 10° 1.08 1.1x 102 25 6.7x 1072 4.0
9 1.8x 101 1.4x 1P 1.15 5.1x 10738 35 2.6x 1072 6.9
10 2.2x 101! 19x 1¢° 1.13 4.3x 1078 51 1.9x 1072 12.0
aWhereCe is defined aMg/M,, with Me = 3.6 x 10* g/mL (ref 48).
1.2
L Solution 1 .
§' 10-1 PS in cyclohexane 0° 0, o Fs inoc;c‘]?;?xane 91": /1"5(:
<F M, = 1.5 x 10° gimol o 15 o MM: ;‘N? ’;11005 mol o 401
= M/M, = 1.07 A 30 4 6’ 0.6F 20091 giml —q—408
o~ C=0.02 g/mL v 60 B C/C':'l 4 o —0—137.0
< CIC" =0.6a45°C o 9 4a145°C
9 10°F T=352°C o150 L 03}
10° 10° 10° 10’ 00 10° 10!
tq’ / s/em’
q Twm /sK/cp

Figure 9. Scattering vector dependence of intensitytensity time

correlation functions of polystyrene in cyclohexane, where the delay F-'9uré 12. Temperature dependence of the characteristic relaxation

time () is scaled withg?.

time distributionsG(z) of polystyrene in cyclohexane (Solution 1),
where the characteristic relaxation time) (s scaled with solution
temperatureT) and solvent viscosityr).

10
10" pmer
< Solution 4
=, PS in cyclohexane € =90°
< 4L Solution 1 gl M_=1.1x 10’ g/mol
1 10 PS in cyclohexane T=49.1°C 0° § 10 /o M/M =106
@ M, =4.6x 10° g/mol —v— 15 < g Tso.? C=0.18 g/mL
& M/M, = 1.07 —0— 30 ' A 156 C/IC"=5.1at45°C
VQD C=0.091 g/mL —A— 90 z S 10°F o 409
= C/IC = 1.4a145°C o150 ; = v 39.1
107°F % G o 372
5@ = 5 0 350
" L 'l 107
3 4 5 6 7
10 10 10 10 10 ) )
2 2 -5 4 _3 )
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Figure 10. Scattering vector dependence of intensitytensity time

correlation functions of polystyrene in cyclohexane (Solution 1), where Figure 13. Temperature dependence of intensiytensity time
correlation functions of polystyrene in cyclohexane (Solution 4).

the delay time t) is scaled witho?.

10° 0.12
Solution 4
0.10+ PS in cyclohexane 6 =90°
< M, = 1.1 x 10° g/mol
= M. /M. =1.06
< . Solution 1 o . 0.08F ° C0.18 gL
v 10 PS in cyclohexane 6=15 < o " C/C =5.1at45°C

= M_=4.6x 10* g/mol T/°C 0.06 0 ‘
ol MM =1.07 o401 >l o
&) C=0.091 g/mL, —4—408 o
= CIC =14 a145°C ~0-370 0.04F

10°}

. . . . 0.02 . . \ .
10.4 10.3 10.2 10.1 100 101 30 35 40 45 50 55
T/°C
tT/m /sK/cp

Figure 14. Temperature dependence of the scattering-intensity con-
Figure 11. Temperature dependence of intensitytensity time tribution of the slow mode, where eadly, the peak area of the slow
correlation functions of polystyrene in cyclohexane (Solution 1), where mode in G(I')), is calculated from one correspondir@(t) — AJ/A

the delay timet] is scaled with solution temperaturé€)(and solvent in Figure 13 on the basis of eqs-2.

viscosity ).
“cluster”. In a short time scale, each chain is arrested around

measured time correlation function, as shown in Figure 14. The its center of gravity and only its segments (blobs) can jiggle
peak areaky) increases from-5% to~9% as the temperature  around inside the “tube”.

decreases from 5TC to 34°C (a poor solvent). Whe@/C* > Figure 15 shows that the fast mode is collapsed together when
5 or more precisel{C/Ce > 1, all the chains are entangled with  the decay timet] is scaled by?, revealing its diffusive nature.
each other and the solution contains one transient polymerlIn contrast with Figure 10here the slow mode becomes more
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Figure 15. Scattering vector dependence of intensitytensity time
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Figure 18. Temperature dependence of the scattering-intensity con-

. : ! : tribution of the slow mode, where eadl, the peak area of the slow
correlation functions of polystyrene in cyclohexane (Solution 6), where mode in G(I'), is calculated from one correspondir@(t) — AJ/A

in Figure 17 on the basis of eqs-2.
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Figure 16. Scattering vector dependence of the average characteristic

line-width (T’ of the slow mode from correspondinG®(t) — Al/A Figure 19. Scattering vector dependence of intensitytensity time

in Figure 15 on the basis of eqs-2.

0

correlation functions of polystyrene in cyclohexane (Solution 10), where
the delay timet] is scaled withc?.

10 =%
. 4.0
< —0—502 Solution 10
=, 10" i?g-g 3.0 PS in cyclohexane T =49.9°C
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Figure 17. Temperature dependence of intensitytensity time q/10" cm

correlation functions of polystyrene in cyclohexane (Solution 6), where Figure 20. Scattering vector dependence of the average characteristic
the delay timetj is scaled with solution temperaturg)(and solvent line-width (T’ of the slow mode from correspondinG@(t) — AJ/A
viscosity ). in Figure 19 on the basis of eqs-2.

olvious at larger scattering anglesshich is different from those  delay time {) is scaled byy?, indicating that it remains diffusive.
observed in the above lower concentration region. It implies At the same time, Figure 20 shows thaflJ is nearly
that the slow mode is not related to some large scattering objects.independent off and remains finite even gt— 0. Once again,
Figure 16 shows that its characteristic line-widtii'[{) is Figure 21 shows that for a given scattering angle, the slow mode
proportional to the scattering vectay)(We will come back to becomes slower and its intensity contributi@g)(increases as
discuss the concentration dependence of the scaling exponenthe solution temperature decreases, presumably due to stronger
(o) betweenI'ld andq. Moreover, Figures 17 and 18 reveal segmentsegment interaction. Note that here we have scaled
that as the solution temperature decreases, the slow modehe delay time ) with the solution temperature and solvent
becomes slower and its intensity contributiég) (increases for viscosity so thaG@(q,t) at different temperatures can be directly
a given scattering angle. Note that cyclohexane atGQs a compared.
good, but not athermal, solvent for polystyrene. Figure 22 summarizes the concentration dependence of the
Further increase of the polymer concentration makes the slowscaling exponentso¢ andas) in {0 g% and @' O g%. As
mode even visible at low scattering angles, as shown in Figure expected, for the fast model[1 ] ¢? over the entire concentra-
19. Here C/C* > 50 and the solution appears like a gel without tion range studied, reflecting the diffusive Brownian motion of
any visible flow within a short time, but the solution is the gravity center of each segment (blob). In contrast, for the
homogeneous and its scattering intensity is independent of theslow mode,os decreases a€/Ce increases. We can roughly
position of the scattering volume inside the solution. Figure 19 divide Figure 22 into two concentration regions (left and right)
clearly shows that the fast mode collapsse together after theusingas = 2 as a reference (the dashed line). On the @f€{
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100 Solution 10 3k fast mode .
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= M/M, =113 o © A Solution 5
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Figure 21. Temperature dependence of intensifiytensity time Figure 23. Characteristic relaxation time distributions of Solutions 5

correlation functions of polystyrene in cyclohexane (Solution 10), where and 9. Note that all the conditions are the same, except chain length in
the delay timeft] is scaled with solution temperatur€)(and solvent Solution 9 is~10 times longer.
viscosity ).
attributed to the rattling of individual particles in the cage made
3L e of its surrounding particles and the slower restructuring of the
cages. Here, the relaxation of the “tube” is similar to the
. . relaxation of the cage. To test such a possibility, we studied
3 the chain-length dependence of the slow mode. Solutions 5 and
9 listed in Table 2 have similar polymer concentrations, but
1f 3 the chains in Solution 9 are-10 times longer than those in
Solution 5. Their reptation times should be different b§0?
ol o times. Therefore, the relaxation of the “tube” in Solution 9

- s = should be much slower. However, Figure 23 shows that the
10 10 10 chain length has a much smaller effect on the average

C/C, characteristic relaxation timéz(d ~ 103 s) of the slow mode
Figure 22. Polymer concentration dependence of two scaling exponents (the pgal_< posmon)_. Note that the correlator can cover up to
(os anda) in MMEH O g« and @' O g% for polystyrene in cyclohexane 100 sin its delay time. Therefore, the relaxatiorizaf ~ 1 s
(a good solvent at 45C). can easily be measured. It clearly indicates that the slow mode
is not related to the chain reptation or the relaxation of the

< ~1), the slow mode is more visible at smaller scattering “tube”.
angles, but in the right regionC(C. > 1), its intensity The two relaxation modes suggest that these macroscopically
contribution to G(r) increases with the scattering angle. As homogeneous solutions must be microscopically inhomoge-
mentioned before, the LLS theory tells us that larger objects neous, at least, within the typical delay time windowl(s)
scatter more light at a lower scattering angle. Therefore, in the used in the time correlator. There are two different possibilities;
left region, the slow mode should be related to scattering objectsnamely, the coexistence of scattering objects with two different
larger or comparable with 4/ while in the right region, it is sizes in one microenvironment or similar scattering objects relax

oo
> o
R .8

related to scattering objects smaller thag. The LLS theory in two different microenvironments. Recently, theoretical studies
also tells us that when the scaling exponeuy lfetween the and computer simulations of polymer solutions or mixtures on
characteristic line-width{T'D) and the scattering vectog)(is some noncovalent monomemonomer interaction confirm that

larger than 2, we are observing a mixture of diffusion and sufficiently strong interaction can affect the chain dynaric&®
internal motions of larger scattering objects. However, it is not Adam et aP® found that in a good solvent, microscopic and
clear whya is smaller than 2 in a three-dimensional space. Next, macroscopic viscosities are similar, but in a less good solvent,
we will discuss and speculate the nature of this additional slow microscopic viscosity varies with the coupling between solvent
mode. and polymer relaxation times, strongly depending on the
Using the relaxation gel model, Doi and Onftfishowed that temperature as well as the nature of solvent and polymer. In an
the osmotic modulus is much higher than the shear modulus inathermal solvent, the segmergegment interaction is completely
a good solvent, but they are comparable in éhe&olvent. This shielded by the solventsegment interaction, so that each blob
is why there is only one fast relaxation mode in semidilute moves independently and experiences a similar microenviron-
solutions if the solvent is athermal, but an additional slow ment. In a less good solvent, one has to consider the segment
relaxation mode appears in thesolvent. Later, Wang et &F. segment interaction.
studied semidilute solutions using the modified hydrodynamic  Previously, we speculated that the slow mode might be related
equation. They found that the osmotic modulus is lower than to some long-range density fluctuati®f® Our current results
the shear modulus, independent of the solvent quality. The indicate that forC/C. < ~1, the slow mode is related to some
literature values ofis range from 4 to O for different polymer  large structures (scattering objects or long-range density fluctua-
solutions and melt3?-58 Our current study shows a systematic tion) since it is more visible at lower scattering angles and the
change ofxs for one well-defined polymer/solvent system over scaling exponento() is higher than 2. Such large structures
a wide polymer concentration range £LC/C* < 51). could be attributed to a few transient clusters made of lightly
When the existence of the slow mode in a less good solvent entangled chains due to relatively stronger segmsegment
becomes irrefutable, one can still argue that it is due to the slow interaction in a less good solvent. In this case, most of the chains
density fluctuation induced by the relaxation of the “tube”, i.e., are not entangled with each other and they coexist with those
it is indirectly related to the reptation. Similarly, inside a transient “clusters”, as schematically shown in Figure 24A.
concentrated colloidal dispersion, dynamic LLS studies reveal Strictly speaking, these solutions are not semidilute but a
two relaxation modes at higher scattering angles. It has beentransitional region between dilute and semidilute solutions. Our
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Figure 25. Temperature dependence of scaling exponent of the slow
mode () I'ld O g for polystyrene in cyclohexane (a good solvent at

45 °C).
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Figure 26. Time dependence of the scattering-intensity contribution
(As) and average characteristic relaxation timglof the slow mode

for one solution of polystyrene in cyclohexane after it is shaken at 70
°C.

The temperature dependence of biatl§ andAs supports our

) o o ) o speculation about the nature of the slow mode. The decrease of
Figure 24. Schematic of semidilute polymer solutions in a less good e so|ution temperature makes the segmeegment interac-
solvent in different cgncentragon regions: (&G < ~1, where tion stronger so that each chain contracts. Note that @i€a
individual chains and “clusters” have the same microenvironment but > g9 ' g : )
different sizes and (BL/C. > 1, where the blobs have a similar size < 1, in the left region of Figure 22, the decrease of the solution
but different microenvironments. temperature has two opposite effects on the slow mode. On the
one hand, it increases the segmesggment interaction and
enhances the slow mode; on the other hand, the chain contraction
disentangles the transient clusters. When the latter is dominant,
the slow mode becomes weak or even disappears at lower
solution temperatures. Whe@ > C,, the chain contraction
cannot switch the solution from semidilute to dilute so that
decreasing the solution temperature only increases the segment
segment interaction. This is why the slow mode becomes slower
and more visible at lower temperatures. Figure 25 shows that
o decreases with the solution temperature.

results reveal that one should uSginstead ofC* to mark the

real boundary of semidilute solutions. In the transitional region
(C* < C = Cy), it is these transient chain entanglements that
make the solution microscopically inhomogeneous over a short
time scale 1073 s).

WhenC > C,, all the chains inside the solution entangle with
each other to form one huge “cluster”. Each chain could be
visualized to arrest inside a “tube” made of its surrounding
chains within a short time and “divided” into a number of
segments (blobs) with a dimension limited by the tube diameter ) o . .
(the correlation length). Within each blob, the segment is excited | © test the coexistence of individual chains and large transient
by thermal energyk&T) so that its center of gravity undergoes Chain oclusters in the region @fCe < 1, we heated one solution
a Brownian motion. These thermal blobs have a similar size. ©© 70 °C and shook it. The idea is as follows. If the solution
In an athermal solvent, there is no interaction between them CONtaiNs some large transient clusters, the shaking may disin-

and the tube so that they experience a similar microenvironment,!€9raté some of them. If the clustering is a slow diffusion-
resulting in only one (fast) relaxation mode. In a less good or controlled process, we may catch it by static and dynamic LLS.
0 solvent, the segmersegment interaction near the entangle- AS Shown in Figure 26, boths and [zIslowly increase with
ment points is expected to be stronger. Therefore, the blobs neafiMe OVer & period of-10 h after the shaking. It is helpful to

each entanglement point should move slower than those in theState that the overall scattering intensity from static LLS also
middle between two entanglement points; namely, the blobs slowly increases over the same time period (not shown). The

experience two different microenvironments, as schematically Shaking experiments indeed reveal that the solution contains a
shown in Figure 24B. The increase of polymer concentration small number of weakly assoplated transient clgstgrs. At this
makes the tube thinner. Up to one point, the motions of the moment, we have no explanation why the clustering is so slow.
segments perpendicular to the tube near the entanglement poin
is so limited that the segments can only randomly oscillate in
the tube. This might explain why its characteristic relaxation  Using in situ anionic polymerization to directly prepare
time becomes less dependent on or even independent of thamacroscopically homogeneous dust-free semidilute/concentra-
scattering vector. tion polystyrene (PS) solutions inside a laser light-scattering

&onclusion
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(LLS) cell, we comparatively reexamined solution dynamics of
PS in an athermal solvent (toluene) and in a less gbsdlvent
(cyclohexane in the range 3460 °C) by a combination of static
and dynamic LLS. We confirm that in toluene there is only
one fast diffusive relaxation mode in the measured intensity
intensity time correlation function even for the solution with a
concentration €) 30 times higher than the overlapping con-
centration C*). In cyclohexane, an additional slow mode
appears as soon &C* > 1. Our results show that the slow
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