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Most studies of coil-to-globule transitions of macromolecules have dealt exclusively with the standard
polystyrene—cyclohexane system. In this work we aim to extend such investigations to halogenated polystyrenes,
namely poly(4-chlorostyrene)(PPCS), poly(2-chlorostyrene)(POCS) and poly(chlorostyrene)(PCS),a mixture of
2- and 4- isomers. Changes Ry, of these polymers with temperature in their respective theta solvents were
investigated by dynamic light scattering. The hydrodynamic size of PPG8phopyl benzend{,: 2.25 X

10°g mol™, M,/M; 1.16) decreases to 75% of that in the unperturbed state 22PDCS |, 10.32x 10°

andM,,: 4.30 X 10°, M,/M,: 1.10) in 2-butanone exhibited LCST behaviour and a limited chain collapse was
observed with increasing temperature above theta point. The paramgtersR,/R,(6) for POCS with two
different molecular weights, (10.32 M and 4.30 M) were found to be 0.67 and 0.77, respectively °&@. 3Y.0
smooth and continuous contraction was also observed for the mixture of 2- and 4- isomerd) PC3R X

10°g mol™, M,/M,: 1.06).© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION benzene and 2-butanone, respectively. We report dynamic
light scattering data analyzed in terms of the temperature

The transition of a polymer chain in dilute solution from an Sdependence of the hydrodynamic radiBs)(

expanded coil to a collapsed, compact globular structure ha
been the subject of extensive research in the last décHde
Williams et al.*? summarized the contributions made by the EXPERIMENTAL
end of 1970s, and Fuijitdpresented a review on this subject .
in 1990. The great interest in this coil-to-globule transition S@mPple preparation

is not only due to its importance as a general and _ Poly(4-chlorostyrene), PPCS-225Poly(4-chlorostyrene),
fundamental concept in polymer physics and solution PPCS-225 was prepared by thermal radical polymerization
dynamics but also its intimate relation to biological Without initiator.The monomer 4-chlorostyrene (Aldrich) was
processes, including DNA folding and protein denatura- freed from inhibitor by washing with 5% aqueous NaOH
tion®°. However, the vast majority of published works on solution and distilled water. It was dried with b&0, and
chain collapse have been limited to studies of polystyrene in freshly  distilled under reduced pressure before use
various hydrocarbon solverits™. Therefore, in this aspect, (b.p. 66.3C at 10 mmHg). Thermal polymerization of the
an extension of current theories and experiments to includemonomer 4-chlorostyrene was carried out atG&0n bulk,
the practical problems of hydrogen bonding, dipole—dipole for 20 days using the high vacuum technique. The conversion
and ionic interactions, block copolymers and macro- Of the polymerization was 84% and 6.5 g PPCS was obtained.
molecular anisotropy is warranted. In this work, we aimed Fractionation of PPCS was carried out by the fractional
to extend coil-to-globule studies to highly dilute solutions of Precipitation technique at 26 using 2-butanone (MEK) as
macromolecules containing polar groups, such as halo- solvent and methanol as non-solvénin our process 6.124 g
genated polystyrenes, poly-(4-chlorostyrene) (PPCS), andof PPCS was dissolved in 0.3 w/w % MEK and 1.0429 g
poly(2-chlorostyrene)(POCS). So far, only a limited PPCS as the first (highest molecular weight) fraction was
number of experimental studies on solution properties and obtained. This hlghest fraction was further fractionated and

coil-to-globule transitions of these polymers have been the resulting product was 0.052 g PPCS. This fraction was
reported*~2° The present contribution considers the coil- re-dissolved in MEK, precipitated into methanol and diied

to-globule transition behaviour of poly(4-chlorostyrene) and Vvacuoat 30C. This polymer was designated as PPCS-225.
poly(2-chlorostyrene) in their theta solvents:propyl

Poly(2-chlorostyrene), POCS-1032Poly(2-chlorosty-
*To whom correspondence should be addressed renE) was obtained from Lark Enterprises (NO 5295) For
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Table 1 Characterization of unfractionated samples

Samples 4] %dl/g Mf( x 10 g/mol) MY( X 10 g/mol) MY( x 10 g/mol) M, /M¢
PPCS 1.034 2.00 1.28 0.976 1.31
POC® 3.22 4.95 4.82 2.98 1.61
POCS 1.077 0.922 1.38 0.889 155
pcg 0.840 1.38 — — —

2Poly(4-chlorostyrene), by thermal polymerization

P poly(2-chlorostyrene), Lark Enterprises(No. 5295)

°Poly(2-chlorostyrene), by thermal polymerization

dPoly(chlorostyrene), a mixture of 2- and 4- isomers, Polysciences(No. 7041)

€Intrinsic viscosities in benzene for PPCS and in toluene for POCS°&t 30

"Molecular weights calculated using equation (1) and equation (2) for PPCS and POCS, respetaivisgometry
9Via LS/SEC

fractionation of POCS, the solvent/nonsolvent system Was r,pje 2 Molecular characteristics of fractionated PPCS, POCS and' PCS
toluene/methanol. The highest fraction of POCS (1.4554 g)

-6 -6
was further fractionated and the resulting product was S2MPles Mu( x 107 g/mol) Mx(> 107 g/mol) Mw/M,
0.203 g POCS. This sample was designated as POCS-1032PPCS-225 2.25 1.95 1.16
POCS-1032 10.32 9.48 1.10
Poly(2-chlorostyrene), POCS-430The monomer,  POCS-430 4.30 3.86 1.11
PCS-232 2.32 2.19 1.06

2-chlorostyrene (Aldrich) was purified as described above
and freshly distilled under reduced pressure °(38 *Via LS/SEC

7 mmHg). 3.5 g POCS (88% conversion) was obtained by

thermal polymerization at 3@ for 20 days using high

vacuum. The product was also fractionated by the technique ] ] ) ]

described above. The highest fraction of POCS obtained LS/SEC. Light scattering/size exclusion chromato-

from 0.1 w/w % toluene solution was 0.1086 g and was 9graphy measurements were carried out to characterize the
designated as POCS-430. fractions of poly(4-chlorostyrene), poly(2-chlorostyrene)

and poly(chlorostyrene). The samples were dissolved in
Poly(chlorostyrene), mixture of 2- and 4-isomers(PC$)CS tetrahydrofuran (THF). The samples were filtered through

was a product of Polysciences Inc. (No. 7041). Detailed 0.5um teflon disposable filters. They were then run in THF
characterization of PCS by IR, nm.r. showed that this at a flow rate of 1.0 ml min® using two Jordi Gel DVB
commercial product was a mixture of 2- and 4- isomers. mixed bed columns, each 25 cen 10 mm (ID), at a column
Chemical analysis: calc. for (CH; Cl),, Cl = 25,58, C= oven temperature of 36. The sample injection size was pD
69.33, H= 5.09; found Cl= 25.63, C= 69.0, H= 5.37%. of an approximate 0.1% (w/v) solution. The samples were
The fractionation of PCS was carried out with the same fractiona- monitored at a sensitivity of 1& and a scale factor of 20
tion technique (MEK/methanol) described for PPCS. 0.1003 g on a Waters Model 410 DRI fitted with a Precision Detectors
PCS as the highest fraction was obtained and designated adodel PD2000. The detector wavelength was 685 nm.
PCS-232. Characterization of unfractionated and fractionated samples

are presented iffables land2, respectively.

Characterization

Spectroscopic analysesinfrared spectra (Perkin Elmer ~ DLS measurements
177) of the PPCS-225, PCS-232 and POCS-1032, POCS- The preparation of dust-free solutions for the dynamic
430 are consistent with the stand&'dgypical absorption light scattering (DLS) measurements was as follows. A
peaks of the samples were seen in the 1013.4—-1092.6 cm mother solution with a concentrations X 10~ ggtwas
and 1400-1600 cit regions. The position of the peaks prepared for each polymer, in their theta solvamtzropyl
within the regions depends on the substitution of chlorine benzene if-PB) and 2-butanone (MEK). For complete
atoms. dissolution, PPCS solution m-propyl benzene was kept in

'H n.m.r. (Bruker 300 MHz) spectra of the PPCS-225, an oven at 58C, while the POCS mother solution was
POCS-1032 and POCS-430 have the same characteristic pealdseld at 4C for complete dissolution since a butanone
with the standard poly(4-chlorostyrene) and poly(2-chlorostyr- solution of poly(2-chlorostyrene) exhibits a lower critical
ene) supplied from Polymer Standard Service, Germany. solution temperature (LCST), that is, the solubility of

'H n.m.r. and*C n.m.r. spectra of PCS-232 that seem to polymer in solvent increases at lower temperatthé3 The
be different than those of pure PPCS are consistent with IR mother solution was diluted to the concentration 1X6
results (H n.m.r. of PCS-232§ = 6.4482 and 6.9882 ppm 10 ~®g ml~* for the POCS solution. The working concen-
phenyl protons; 1.5172 and 2.6521 ppm as,Qjtoups). tration for PPCSiI-PB and PCSI-PB systems was higher
Also, the **C n.m.r. spectrum is the same with standard (1.73x 10~*g/ml) due to low laser scattering intensities at
ortho/para mixture of poly(chlorostyrerfé) extremely dilute concentrations for this molecular weight.

. . ) Each solution was filtered carefully with Ou2n Millipore
Viscometry. The molecular weights of unfractionated fjjiers.

samples were determ.ined _b 16viscosity measurements | s measurements were carried out by using a
using the following relationship$ commercial DLS spectrometer (ALV/LSE-5000) operating
[7] =306 x 10~ °M*® (PPCSbenzeng3’C) (1) at\ = 514.5 nm with an Ar laser. Thin-walled cylindrical
cells (0.3048 mm wall thickness, 10 mm outer diameter and

[n] =143 X 107 °M2% (POCStoluene30°C) (2) 75 mm length) were used. The borosilicate flat bottom cells
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were purchased from Wilmad Glass, New Jersey, U.S.A.
Temperatures were controlled t& 0.01°C.

The polymer solutions were brought to the selected
temperature from theif temperatures to induce the size
change, which was determined by means of DLS in terms
of the hydrodynamic radiusRg). The raw output of a
dynamic light scattering experiment 5 (7) the
intensity autocorrelation function, typically plotted with a
logarithmic time. Measurements of the intensity auto-
correlation functionG,(7) were made at a scattering angle
of 33. The unnormalized intensity autocorrelation function
G(7) may be derived through the following Siegert
relation with the electric field correlation function,
g(l)(T):23,24

Gy(7) =B(1+ Blgy(7)1%) ©)

whereg takes into account deviations from ideal correlation
andB is a measure of the baseline. WiegR, < 1,g;(7) isa
single-exponential

01(7) = exp( — I'r) = exp( — D7) 4)

where T' is the measured relaxation rate amd the
mutual diffusion coefficient defined in the limit of the
small scattering vectoq asD = (I‘/qz)q _ o Whereq =
Axn/N\(sind/2), N = 514.5nm;n = refractive index of
solvent; § = scattering angle. If there are multiple decay
times 7;, i.e. decay rate§’;, present in the system under
investigation, then the field correlation functign(s) is
the weighted sum of the individual contributions:

0:i(n) = JG(I‘)exp( —I'n)dr (5)

whereG(I") is the continuous distribution function of decay
ratesT'. gi(r) and G(I') can be seen to be related by a
Laplace transformation.

Data analysis of the electric field time correlation curve
was performed by using the method of cumul&rasd
CONTIN method® available in the ALV software package.
The size distribution based on the hydrodynamic radius was
evaluated by CONTIN yielding an average line widtland
the varianceu,/T'? with

= JI‘G(I‘)dI‘ (6)

and
u2=f(r —T)’G()dr. @)

To estimate the polydispersity effé€tthe following
relation was used:

M,/M,, = 1+ 4(u,/T?). (8)
The hydrodynamic radius},, may be evaluated from the
diffusion coefficient ' = Dg?) at infinite dilutionD, using
the Stokes—Einstein relation

R, = kg T/6m7D 9)

wherekg is the Boltzmann constant angdis the solvent
viscosity. The viscosities of solventspropylbenzene and
2-butanone were calculated by using equations (10) and
(11), respectivel§/ 8

logn(T) = — 1.9385+ 5497/T (20)

logn(T) = — 1.69344+ 3857/T (11)

where  is the solvent viscosity in cP and is the
temperature in Kelvin.

RESULTS AND DISCUSSION

To the best of our knowledge, this is the first report of the
chain dimensions in terms &, as a function of temperature

for PPCS and POCS systems. The DLS results obtained here
were compared with recent experimental findings for
various polystyrene systems. In this work, we used very
dilute solutions in order to prevent aggregation and
precipitation. In addition, the polydispersities of our
fractionated polymeric samples were rather satisfactory.

PPCS-225/n-propylbenzene system

For tggllglzgchB systemf temperature is reported to
be 43C™*=

Figure 1 shows the intensity autocorrelation
function G,(7) of the dilute (1.73x 10~*g/ml) PPCS
solution withT' = 1.39 ms* and p,/I'> = 0.098 at ad
temperature of 4& and a scattering angle of 33vi,/M,,
was estimated by using equation (8) and found to be 1.392
for this sample. The average hydrodynamic radiysf the
polymer is 27.9 nm at 43°C. Figure 2exhibits the change
of R, as a function of temperature for the dilute PPCS
solution where all values oRy, were determined at the
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Figure 1 The intensity autocorrelation functioB,(r) of PPCS-225 in
n-propyl benzene solutionQ{ = 1.73 X 107*g/ml) at 43.0C (8
temperature)
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Figure 2 Plot of the hydrodynamic radiudR(;) versustemperature for
PPCS-225 and PCS-232impropyl benzene solution
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scattering angle of 33 The PPCS-225 solution was 1.2
guenched from above thé temperature (4%) to the
designated temperatures and allowed to come to 10F
equilibrium; the contraction is seen iRigure 2 The
PPCS-2251-propylbenzene system was thermodynamically os |

stable and reported hydrodynamic radius values were
independent of time down to 232. Two hydrodynamic g et
radius distributions of PPCS-225 solution under theta
conditions (43C) and poor solvent condition§ & 23.2C) o4l
are shown inFigure 3 At 22.2C, very small aggregates
started to appear and were seen as a second growing peak in
the CONTIN analysis. The weight fraction of the small size
globules was 86.3% at 22Q. It was possible to measulRy 06 -
value at 20.3C which is some 22°C below the 6 '1
temperature before complete aggregation started. On the

average, the hydrodynamic size of the PPCS-225 chain at

22.2C has shrunk te~75% of the unperturbed state. The Figure 3 Typical hydrodynamic radius distribution of PPCS-225/
contraction reported in this work is much more pronounced propyl benzene solution at theta conditiofis£ 43°C, R, = 27.9 nm),®,
compared to viscosity data which indicates orii0% and poor solvent conditiond = 23.2C, Ry = 20.9 nm),0
contractior®.

1000

ij(nm)

PCS/n-propylbenzene system 1.2

Poly(chlorostyrene), PCS-232 was found to be a
mixture of 2- and 4- isomers. n.m.r. and IR spectra of
poly(chlorostyrene), obtained from Polyscience (No. 7041)
has the same characteristic peaks with the standard para/
ortho mixture of poly(chlorostyren&)?2 In the *H n.m.r.
spectrum of this polymer, from the ratio of the areas under g
the peaks of phenyl protons & 6.4482 and 6.9882 ppm),
the fraction of 4-isomer might be estimated quantitatively as
73.4% for the PCS-232 sample.

We have considered 23 as thef temperature for PCS-

232 in order to investigate the collapse transition of PCS in
n-propylbenzene and to compare the results with pure
poly(4-chlorostyrene), PPCS-225. Despite the fact that
molecular weights are identical the dependence of coll
Ehﬂnk'age 0; PeS232on temr?erar‘lt:?re was dirl:ferent from the Figure 4 Typical hydrodynamic radius distribution of PCS-23pfopyl
ag graev é(;t::;)% (I)DbF;ce:lfl 82 dZ g;)av;/SnSt 00]\_{2vc4gtj {f?l SZ t-ermi)reer\élvt?]? erj Oa ?Oegi(i?g solution after the solution was brought froftCA@ temperature)
bimodal distribution appeared in CONTIN analysis as can

be seen irFigure 4. The peak corresponds to smaller size
molecules and represents individual collapsed chains and 120
their fraction was found to be 86% at 14C4 In contrast to
poly(4-chlorostyrene), for example, PCS in-propyl- 100 F
benzene aggregates at T&5which is some 29 below R
its 0 temperature. Values af, = Ry(T)/Ry(0) exhibit a 3 so b . 4
shrinkage of about 15% while poly(4-chlorostyrene) shows >§
substantially greater subshrinkage (25%) in this work. c  eol A

Figure 5 shows the scaled expansmn factor of hydro- = A
dynamic sizenPrMY? versusrM Y 2 whereay, = Ry(T)/Ry(6) sl DDDDAD A s Al
and7 = 6 — T/6 for PPCS-2251-PB and PCS-232/PB °
systems. For the PPCS-2B8?B systenuirMY? increased I a
continuously with mcreasmg] scaled reduced temperature =0 &

(rM¥?), the value ofahrM at the asymptotic plateau
region was found to be 401gmol Y2 In this experiment,

we were able to extendM., values over 100, which is
larger than previously reported using viscosity measure- M

ment<®. However, contraction of the molecules was not still

Figure 5 Scaled expansion factor of hydrodynamic saﬁaM versus
high enough to consider a globular collapse. M3 where ay, = Ry(T)/Ru(6) andr = 6 — T/6; PPCS-2254, PCS-232,
It is difficult to assert that the PCS-232PB system A, and viscosity data't),]

reaches a plateau reglon Fully collapsed regimes based on

the hydrodynamic size could not be reached in the PCS-232/

n-propylbenzene system due to the limited contraction of however dramatic differences in master curves of PCS-
the hydrodynamic sizex, = 0.85) over a broad temperature 232 and PPCS-225 showed that more precise determination
range (43C-13.5C). The focus of the present work was a of 6 temperature for poly(chlorostyrene), PCS-232 in
comparison between PPCS and PCS @&ubehaviour, n-propylbenzene is required.

R A(nm)

3660 POLYMER Volume 39 Number 16 1998



Dynamic light scattering studies: E.E. Hamurcu et al.

We observed a limited contraction of PPCS coils befow andR;,, was then determined?;, at 25C was found to be
temperature. The results are consistent with the previous51.5 nm M,/M,, = 1.6) and 40.3 nmN,/M,, = 1.2) for
observations such as polyfnethylstyrene) in cyclohexane POCS-1032 and POCS-430 respectively. For the POCS-
which exhibits slight shrinkages in the salregiorf™. 1032/MEK system it is interesting to note that when the

temperature was increased to 2€9 the normalized
POCS/2-butanone (POCS-1032 and POCS-430/MEK) variancep,/T'> and M,/M,, also decreased. The behaviour
systems of the R, at 25 and 29.%C is shown clearly irFigure 7.

The poly(2-chlorostyrene) (POCS)/2-butanone system The decrease in the variance, expressed as apparent
exhibits LCST behaviour. It was previously reported that M,/M,, ratios, from 1.60 to 1.10 might be due to the
there was a considerable solvent effect in this system for precipitation of high molecular weight POCS fractions
which 6 temperature was found to be €58°>?° Since  leaving only the lower molecular weight fractions in
investigations of halogen derivatives of polystyrene with solution with a lowerR;. However, since a decrease of the
LCST behaviour have seldom been made, it was thoughtconcentration in the scattering volume would accompany
useful to obtain information on the chain dimensions of such a fractional precipitation, one would expect the

POCS both above and beldatemperature. decrease of the scattered light intensity to be even more
For these two samples of POCS, the hydrodynamic radiusdramatic'®. Such a decrease of the scattered light intensity
as a function of temperature is shown kigure 6. It is was not observed and the polydispersityi (M,) also

remarkable thaR; decreases drastically just above the remained constant~1.10) after the first contraction.
temperature (2%). This decrease in size is more Therefore, we could say that the contraction of the chains
pronounced for higher molecular weight (10.3% having the higher molecular weights is more effective in
10° g mol™) of POCS. After the first sharp decrease of terms of a decrease &, with temperature.

size to @, = 0.810) which occurs in a quite narrow The highest accessible temperature was €7 for both
temperature range~(5°C) for POCS-1032, there appearsto POCS systems before the onset of precipitation. At this
be a plateau region before further contraction and final temperatureR,, was found to be 34.5 nm, corresponding to
precipitation. Dilute polymer solutiond(= 11.6 X 10 "¢ g/ 67% of the unperturbeé state for POCS-1032 whereas for
ml) was brought from 2% to the designated temperatures the lower molecular weight of POCS-43R, was found to

60 1.2
A A R 10
50 | N
08 r
= a
£ A a2
£ A A d
2 or A A E osr
18 AA
A 4 A
A 4 . 04 r
A
30+ A
o2r
20 1 I 1 n 1 1 1 n o O I
10 15 20 25 30 35 40 1 1000
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Figure 6 Hydrodynamic radiusRy) versustemperature for POCS/MEK  Eigyre 8 Hydrodynamic radius of distribution of the same solution in

Figure 7 at theta conditions, 2& @, and 37.6C O
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Figure 7 Typical hydrodynamic radius distribution of POCS-1032/MEK
solution at theta conditions (25), ®, and poor solvent conditions (290), Figure 9 Hydrodynamic radius of distribution of POCS-430/MEK
(@] solution at 25C (¢ conditions)®, and 37.0C [
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Figure 10 Scaled expansion factarf;rM > of the hydrodynamic radius
versusrMy?2 for POCS/MEK systems, POCS-103®, and POCS-430)

be 31.2 nm with a value o, = 0.77. Precipitation was
suddenly started at 37© (R,~144 nm).

Typical R, distributions at 25 and 3T are given in
Figure 8 and Figure 9 for POCS-1032 and POCS-430,
respectively. This critical temperature (namely, precipita-
tion temperature 37—-38) is in agreement with the value
calculated {-35°C) from the experimental data reported
previously in the determination of tifetemperature for the
POCS/2-butanone systéfh

Figure 10shows the scaled expansion factagrM? as
a function of the scaled reduced temperatuhéy? for
the POCS/MEK systemarMY?value reaches a maximum
value (51.2 ¢ mol™"% and then decreases in the POCS-

possibility of chain clustering during the second stage of
was taken into consideration by Raos and All€grit was
concluded that much smaller objects in the second stage of
the collapse reported as ‘compact globules’ by Chu and
coworkers under kinetic conditions were actually macro-
molecular clusters resulting from aggregation of a small
number of polymer chains. Consequently, the initial
contraction stage (about 25%) corresponds to the final
equilibrium state for polystyrene in cyclohexane. A two-
stage kinetics was not observed in this work. Although chain
contraction values for poly(4-chlorostyrene) and poly(2-
chlorostyrene) observed in this work exceed the contraction
reported in earlier studies of the polystyrene/cyclohexane
system, they are still not satisfactory for a single globule
formation. Therefore, we may conclude that substitution of
chlorine groups into polystyrene chains do not produce a
dramatic effect on the sub-behaviour. However, it
has been shown recently that contrary to polystyrene and
substituted polystyrenes, certain poly(methyl methacrylate)/
poor solvent systems exhibit about 85% contra@ﬁd’%

A chain dimension study of syndiotactic poly(methyl
methacrylate) using dynamic light scattering and viscometry
methods is now under progress in our laboratories.
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