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state. The internal monomer concentration is then inde- 
pendent of molecular weight and depends solely on the 
balance between steric repulsions and van der Waals at- 
tractions. The transition can be described with reasonable 
accuracy by the thermal blob model. 

I t  must be pointed out, however, that several difficulties 
remain to be solved (1) The need to use slightly different 
naM0 values for polystyrene in cyclopentane and cyclo- 
hexane is not in agreement with a universal behavior. I t  
is not clear yet if this discrepancy arises from our limited 
experimental accuracy or is more fundamental. (2) The 
average naMo value of 150 f 30 g mol-l in the collapsed 
state is much lower than the measured corresponding value 
of lo00 f 50 g mol-l previously found in the extended state. 
This difference may reflect the influence of the higher than 
binary interactions in the collapsed state. (3) The slight 
residual molecular weight dependence in our universal 
plots is not accounted for by the theory. (4) So far, the 
molecular weight dependence of the hydrodynamic radius 
characteristic of the collapsing regime has been proved only 
at a single temperature. This should be repeated at several 
different temperatures. 

When applicable, the comparison of the present data 
with the literature show8 a good agreement in general. 
There are however two notable exceptions that both cor- 
respond to attempts to reach the totally collapsed regime 
in which the hydrodynamic radius of the globular chain 
saturates to its minimum value. The disagreement is very 
serious for the Prague group while it is probably only 
qualitative for the MIT group. These experiments should 
be repeated especially in view of the fact that the light 
scattering technique allows use of lower concentrations 
than the present sedimentation experiments. The acces- 
sible temperature range is then sufficiently large to cover 
the entire coil-globule transition. Last, to test the eventual 
superiority of the mean-field theory over the blob model, 
it would be very interesting to work on polymers of various 
flexibility since only the former approach includes this 
important parameter. 
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ABSTRACT: Dynamic light scattering studies have been made on dilute solutions of narrow-distribution 
polystyrenes in benzene at 30 OC over a wide range of qRG (=X1l2). The intensity autocorrelation function 
has been analyzed with the histogram method. The analysis made it possible to  estimate the translational 
diffusion coefficient D, the effective decay rate re, and the intensity of the translational diffusion motion 
relative to the total intensity Po/P a t  finite polymer concentration. Those quantities have been linearly 
extrapolated to  infinite dilution to obtain values characteristic of a single swollen coil. It has been found 
that  the hydrodynamic radius R H  calculated from Do increases in proportion to Mw0,55 and expansion factors 
C ~ H  and ag have different functional dependences on the excluded volume parameter z.  It has also been found 
that, for A?’’ >> 1, the quantity (ro)M/(q3keT/~o) approaches a constant value which is less than the theoretical 
value by 25%. The X dependence of (P,/P), suggests that  the internal motion is suppressed in a single 
swollen coil to  some extent in comparison with that  in a Gaussian coil. The concentration dependence of 
D is also briefly discussed. 

Introduction 
In a previous report,l we have investigated dynamics of 

dilute solutions of narrow-distribution polystyrenes (PS) 
in trans-decalin at the 8 temperature over a wide range 

0024-9297/84/2217-0425$01.50/0 

of qRG = X 1 f 2  by means of homodyne photon correlation 
spectroscopy. Here q is the scattering vector and R G  is the 
radius of gyration. We have found that the dynamical 
behavior of an isolated unperturbed chain is quantitatively 
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described by Zimm's nondraining bead-spring model ex- 
cept a 15% difference between hydrodynamic radii cal- 
culated from values of translational diffusion coefficients 
Do and theoretical values. It has been suggested that this 
disagreement is due to the improper theoretical treatment 
of hydrodynamic interaction between constituting mo- 
nomeric units or polymer segments. 

For dynamics of flexible polymers in good solvents, the 
effect of the excluded volume must be taken into account 
in addition to the effect of the hydrodynamic interaction. 
There have been attempts to elucidate the excluded vol- 
ume effect on the molecular weight dependence of Do 
obtained in the small q region characterized by X1J2 << l.293 
Since the intermediate scattering function A(q,t)  deviates 
from a single-exponential type of decay in the range of X I J z  
2 1 due to contribution of intramolecular motions, reliable 
data were limited to Do of low molecular weight samples. 
Adam and Delsanti4 have extended dynamic light scat- 
tering (DLS) experiments up to the intermediate q region 
defined by X1j2 > 1 but ql < 1, where 1 is the statistical 
length. Their work has been mainly concerned with the 
scaling property of A(q,t) in the asymptotic q region where 
the theory of Dubois-Voillette and de GennesZ9 may be 
applied. Only the power dependence of the characteristic 
frequency w,(q) in A(q, t )  exp[f(w,t)] has been discussed. 

Recently, Akcasu et  aL5 have developed an excellent 
method for the interpretation of DLS experiments made 
under a variety of experimental conditions, in terms of the 
first cumulant Q(q)  of A(q, t ) .  This method is quite useful 
for the test of various molecular models which accounted 
for the hydrodynamic interaction as well as the excluded 
volume effect. Han and Akcasu6 have compared theo- 
retical predictions with results of DLS measurements on 
dilute solutions of high molecular weight PS samples in 
toluene in the intermediate q region. They have shown 
that the dependence of !2 on q is in agreement with their 
theory as far as the general trend is concerned but some- 
what less satisfactory with respect to quantitative agree- 
ment. Unfortunately, their data have not been extrapo- 
lated to infinite dilution where comparison between the- 
ories and experiments should be made. Further, values 
of D = (Q(q)/qz)q+ have not been estimated for high 
molecular weight samples because of experimental diffi- 
culties. Thus their conclusions seem to leave room for 
further discussion. 

In this paper, we present DLS studies on dilute solutions 
of high molecular weight PS samples in benzene. Auto- 
correlation function data were analyzed with the histogram 
method. The analysis made it possible to estimate Do, 
effective decay rate re which is equivalent to R, and also 
the relative intensity of the translational diffusion motion 
to the total scattered intensity a t  infinite dilution with high 
accuracy. Those quantities have been used to test several 
molecular theories on dynamics of a single polymer chain 
in good solvent. 

Experimental Section 
Materials. Five samples of narrow-distribution polystyrenes 

(PS) with M ,  ranging from 7.75 X lo5 to 1.34 X lo7 were used 
for the present study. Four samples with higher M, have been 
characterized with methods of static light scattering and GPC 
by Fukuda et al.7 M ,  and M,/M, of the lowest molecular weight 
sample F80 have been obtained in this laboratory.s Their 
characteristics are shown in Table I. Spectrograde benzene 
(Nakarai Chemicals) has been used as solvent without further 
purification. 

Method. The dynamic light scattering instrument used has 
been described in detail e l s e ~ h e r e . ~  Dilute solutions of PS in 
benzene were prepared for DLS measurements as follows. Most 
concentrated solutions were first prepared by dissolving the 
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Table I 
Characterization of PS (Benzene, 30 "C) 

sample 10+M,,, mol cm3 g - 2  cmz M.., / M ,  
104Az,  1 0 " R ~ * ,  

F80 0.775 3.25a 1.01 
FF33  2.42 2.33 6.25 1.04 
FF35  5.53 1.89 15.8 1.04 
FF36 9.70 1.60 30.1 1.03 
FF37 13.4 1.50 44.5 

a Calculated from an empirical relation, A: = 1.45 x 
10-zMn;o.28 (ref 7) .  
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Figure 1. (a) Example of normalized A(r )  data obtained for the 
solution of the highest molecular weight sample (FF37) in benzene 
with c = 1.53 X g cm-3 at e = 30°, ST = 70 p s ,  and the 
sampling number N = 2.94 X lo7. The insert in the figure shows 
the result of the histogram analysis on this A ( r )  data. The solid 
curve is the fitting curve calculated by using the H(F)  in the insert. 
(b) Corresponding error of fit plot. 

polymer into dust-free benzene and made optically clean by either 
ultracentrifugation for two high molecular weight samples (FF36, 
FF37) or filtration with Millipore filters (nominal pore size, 0.22 
pm) for the other three samples. The solutions were diluted with 
dust-free benzene to obtain at least four solutions with different 
concentrations for respective samples. Concentrations were de- 
termined by weighing. 

The intensity autocorrelation function A ( T )  of solutions was 
measured at 30.0 i 0.02 "C by either a time interval method (512 
channels) or a shift register method (Malvern, 72 channels) of 
homodyne photon correlation spectroscopy. A single-frequency 
488-nm line of an argon ion laser (Spectra Physics Model 165-03) 
was used as the light source. The vertical component of the light 
scattered from solutions in sample cells (NMR tube, 0.d. 12 mm) 
was detected by photomultipliers (Hamamatsu TV) at six fixed 
scattering angles of lo", 30", 60", 90°, 120°, and 150'. The 
histogram analysis of data was made by using a Facom M160 AD 
computer at this institute. 
Results and Discussion 

Data Analysis and Extrapolation to Infinite Dilu- 
tion. All data except those of solutions of the lowest 
molecular weight samples (F80) were analyzed with the 
histogram method, whose validity was amply demonstrated 
in previous papers.'*$JO Figure 1 gives an example of A(r)  
data which was obtained for the solution of the highest 
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molecular weight sample (FF37) in benzene with c = 1.53 
X lo4 g cm-3 at scattering angle 0 = 30' and sampling time 
ST = 70 ps. The insert in the figure shows the result of 
the histogram analysis of this A(7) data. The distribution 
of decay rate I?, G(I'), is expressed by two peaks well 
separated from each other, as is anticipated from the value 
of X = 4.48 calculated from R G  of this sample and the 
scattering angle.30 A component with lower decay rate fl 
may be assigned as the translational diffusion mode and 
the second one with higher decay rate F2 as the internal 
mode. Thus the histogram method makes it possible to 
estimate the translational diffusion coefficient D with high 
precision from data obtained for X larger than unity by 
averaging r with G( r )  over the slow component only. An 
effective decay rate re defined by eq 1 and the intensity 
of the slow component Po relative to the sum of the slow 
and fast component P may be also estimated by the his- 
togram analysis. 

20- 
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n 
u =  n 

8=150' 

Here H j ( r j )  is the histogram step height, whose rj is be- 
tween rj  + A r / 2  and rj - AF/2, and L the number of 
histogram steps. Po/P is obtained as the s u m  of Hj(rj)Ar, 
whose I'. is included in the I' region of the slow component. 
For X1ld e 1, G(r)  takes a unimodal distribution and re 
may be put equal to Dq2. For X1I2 >> 1, re mainly reflects 
the internal motion. For X less than about 10, Po/P 
represents the relative intensity of the translational mode 
to the total intensity but may lose such a physical meaning 
for much larger X ,  where mixing of the translational and 
the internal modes takes place.31 

D values of the solutions of F80 were estimated by fitting 
A(T) data to curves of a single-exponential decay type. For 
all solutions of the remaining four polymer samples, the 
histogram analysis on A(7) data obtained at  0 = 10' gave 
unimodal r distributions. This tempted us, a t  first, to 
calculate D by using re values obtained at  10'. However, 
X1/2 is 0.713 at  0 = 10' for the highest molecular weight 
sample FF37, and the theory by Akcasu et al.6 predicts that 
D calculated from re with X112 = 0.7 is larger than the true 
D value at  X1I2 - 0 by several percent. We calculated D 
of solutions of FF37 from the slow component of the I' 
distribution obtained for the data a t  0 = 30' (X112 = 2.12), 
for comparison with D at  10'. The former values were 
found to be less than the latter values by about 2%, in- 
dependent of polymer Concentration. The 2 % difference 
is well within an error of 5% which occurs in the appli- 
cation of the histogram method on a decay curve with a 
bimodal distribution of r. This difference is also less than 
an error of 2.5% expected from the consideration of the 
optical alignment a t  0 = 10'. Therefore we took an average 
of D obtained at  0 = 10' and 30' as the D value of the 
solution of FF37 a t  each concentration. A similar aver- 
aging was made for solutions of FF36, and D at  10' was 
assumed very close to the true value for solutions of FF33 
and FF35. 

Figure 2 shows the concentration dependence of D thus 
obtained. The data are well represented by straight lines, 
from which Do and kD in eq 3 can be estimated. Values 

(3) 
of Do and kD are listed in Table 11, and the dependence 
of Do on Mw was expressed by eq 4. 

(4) 

D = Do(1 + k D C )  

Do = 2.46 x lO-4M -0.56*0.22 
W 
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Figure 2. Concentration dependence of the translational diffusion 
coefficients D. The digit 1 denotes F80; 2, FF33; 3, FF35; 4, FF36; 
5, FF37. 
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Figure 3. Linear extrapolation of re obtained for the solutions 
of FF37 to infinite dilution at five scattering angles from 30° to 
150'. 

Table I1 
Experimental Results of Do, k D ,  and RH 

sample cmz 6 - l  cm3 g- '  cm 
108D,, k D ,  1 0 6 R ~ , '  

F80  14 .1  120  2.80 
FF33 7.45 31 0 5.29 
FF35 5.12 490  7.70 
FF36 3.53 64 0 11 .2  
FF37 2.84 740 13 .9  

a RH was calculated from Do by using eq 5. 

Figure 3 gives an example of the concentration depen- 
dence of re at constant q values obtained for solutions of 
FF37. The data are well represented by straight lines, and 
thus extrapolation to infinite dilution can be made quite 
easily. It is interesting that, with increasing X1I2, slopes 
change sign from a positive to a slightly negative value. 
This is in contrast to negative concentration dependences 
of re at the 8 temperature for all X112 values.' Positive 
slopes at  30' and 60' may be attributed to the positive c 
dependence of the translational diffusion motion. The 
negative one at 150' may be related to the decrease in 
relaxation times of the internal molecular motions with 
decreasing c.  

Figure 4 gives the concentration dependence of Po/P 
obtained for solutions of FF33. The data a t  30' gave a 
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Figure 4. Linear extrapolation of Po/P obtained for the solutions 
of FF33 to infinite dilution at four angles from 60' to 150'. 

unimodal I' distribution, which resulted in Po/P = 1. Po/P 
values a t  respective q are linearly dependent on c within 
experimental error. Therefore (Po/P)c+, could be deter- 
mined within several percent. There is no theoretical guide 
to explain the increase in slope of solid lines with increasing 
X. I t  may be noted that the present study is the first to 
extrapolate re and Po/P to c = 0 for polymer solutions 
where M > 4 X lo6. 

Translatiolial Diffusion Motion. There have been 
a couple of studies4J1 that have investigated the molecular 
weight dependence of Do for PS-good solvent systems or 
that of the equivalent hydrodynamic radius RH defined by 
eq 5. 

RH = kBT/6Tq&O (5) 

Here qo is the solvent viscosity and kBT has its usual 
meaning. In the rahge of M from 20 400 to 3 800 000 in- 
vestigated by those studies, Do was found to decrease with 
M4.55i0.22, which agrees with the present data. This mo- 
lecular weight dependence is weaker compared with that 
of RG, well established both theoretically and experimen- 
tally in the good solvent limit. In order to check quan- 
titative agreement between earlier and our present data, 
we plot RH rather than Do against M, in Figure 5, since 
RH is not affected much by the difference in either tem- 
perature or solvent viscosity used for respective investi- 
gations. In the figure, we include a theoretical prediction 
with the dotted line, which is calculated by using eq 6. 

RH = R G / ~ T Q  = 6.60 X 1O-l0M W 0.595*0.005 (6) 

This equation is obtained by combining a theoretical re- 
lation between RH and RG in the good solvent limit5 and 
an empirical relation between RG and MWlz 

(7) 

We also show the previous result1 obtained for PS in 
trans-decalin a t  the 8 temperature by the solid line 1. 

(8) 

Evidently, all data points are located above the solid line 
1 as is expected. Also our data look to connect smoothly 
with low molecular weight data and to form a single 
straight line which may be expressed as 

(9) 

On the other hand, this line does not coincide with the 
theoretical line, and discrepancies are much larger than 
experimental uncertainties. A theory has been proposed 
by Weill and des Cloizeaux13 to reconcile the discrepancy 
in values of the exponent between RG-M,,, and RH-M, 

RG2 = (1.47 f 0.05) X 10-1sM,1~19i0~0' 

RH,e = 2.21 x 10-9Mw0~50 

RH = 1.60 X 10-9M,0.55 

10 I02 103 
M,., I IOL 

Figure 5. Logarithmic plot of RH against M,: (solid line 1) RH 
of PS in trans-decalin, eq 8; (solid line 2) RH of PS in good solvents, 
eq 9; (dotted line) RH calculated by using eq 6; (0) this work; (A) 
data obtained by Adam and Del~anti;~ (0) data by Mandema and 
Zeldenrust." 

relationships. They have argued that RG approaches the 
limiting behavior of M - m much faster than RH does, and 
thus the above discrepancy has arised from the finiteness 
of molecular weights of samples investigated. The highest 
molecular weight of samples examined in the present study 
is 1.34 X lo7, and this may not be sufficient to observe the 
asymptotic behavior for RH as they claim. Nevertheless 
it was difficult to conceive any trend toward such a limiting 
behavior from the data. 

The two-parameter theory14 of flexible polymers in di- 
lute solutions indicates that expansion factors a, and aH 
defined by eq 10 and 11 may have different molecular 

a, = RG/RG,o (10) 

~ Y H  = R H / R H , ~  (11) 

weight dependences. First-order perturbation theories 
predict1"17 that aH is smaller than a, for positive values 
of the excluded volume parameter z defined by eq 12. 

Z = ( 1 / 4 a ) 3 / 2 ( p / M o 2 ) ( M / R ~ , 8 ) 3 / 2 ~ / 2  (12) 

Here Mo is the molecular weight of a repeat unit of the 
polymer and /3 is the binary cluster integral for interaction 
between repeat units. On the other hand, relationships 
between expansion factors and z in the good solvent limit 
are not derived yet. Static light scattering experiments 
by Miyaki et a1.12 have shown that eq 13 closely approx- 

as2 = 1 . 5 3 ~ ~ 1 ~  (13) 

imates the behavior of a, of high molecular weight PS in 
benzene with reference to RG,, in cyclohexane. 

If the effect of the hydrodynamic interaction is inde- 
pendent of solvent power as proved in a later section, aH 
may be also a universal function of z ,  and its functional 
dependence can be derived from the data in Figure 5 along 
with the value of z estimated from static light scattering 
data. To be consistent with the diffusion data, as in eq 
10 was recalculated by using RG,, in trans-decalin at the 
8 temperature. z was then given as z = 3.53 X 10-3Mw0.5 
from the a,-M, relation and eq 13. aH was obtained from 
RH data shown in Figure 5 and RH,, estimated by eq 8. 
From the plot of against z ,  we obtained 

'YH = 1 . 2 7 ~ ~ "  (14) 

From the comparison of eq 14 and 13, we see that aH is 
much smaller than a, in the region of large molecular 
weight where z becomes large. Equation 14 may be tested 
in the future development of the two-parameter theory. 
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Figure 6. Logarithmic plot of k~ against M,: (0) experimental 
data; (A) theoretical values by Yamakawa theory, eq 15; (0) 
theoretical values by PF-M theory, eq 16. 

Figure 6 gives the double-logarithmic plot of kD values 
(0) listed in the fourth column of Table I1 against M,. 
Theoretical values of kD (A, 0) calculated by using eq 15 
and 16, respectively, are shown in the figure for compar- 

(Yamakawa theory)'* 
(15) 

(PF-M t h e ~ r y ) ~ ~ . ~ ~  
(16) 

ison. In the calculation, A2 and M values were taken from 
Table I, hydrodynamic volume UH was calculated by as- 
suming uH = (47r/3)RH3, the partial specific volume of the 
polymer 8 was put equal to 1.1 cm3 g-', and NA is the 
Avogadro number. B in the PF-M theory ranges from 
6 . ~ 5 5 ~  to 7.0119, leading to some allowance for kD as indi- 
cated by error bars. In a relatively low molecular weight 
range, the Yamakawa theory seems to give better agree- 
ment with experiments than the PF-M theory. Recent 
results of DLS measurements2' on dilute solutions of PS 
with M < 2 X lo6 in good solvent also support the Ya- 
makawa theory. For M > 5 X lo6, on the other hand, kD 
values agree semiquantitatively with either theoretical 
value. It has been shown for PS in tram-decalin that, at 
the 0 state, the molecular weight dependence of kD, kD 0: 
Mw0.43, differs from the prediction of either the Y-122 or 
the PF-M theory, kD a iW6, and absolute values obtained 
experimentally are larger than those of the Y-I theory but 
less than the PF-M theory. Small discrepancies in the 
good solvent between experiments and theories exhibit 
similar tendency as in the 0 solvent. This implies that the 
calculation of the hydrodynamic volume calculated by 
putting UH = (47r/3)RH3 may be incorrect. 

Effective Decay Rate (F&+ Figure 7 shows the 
reduced plot of (I'e)4/(q3kBT/70) against The solid 
curve in the figure is the theoretical curve calculated for 
the nondraining flexible coil with a preaveraged Oseen 
tensor.6 With increasing the reduced effective decay 
rate decreases monotonically and approaches a constant 
value for X'12 > 4 asymptotically. The q3 proportionality 
of re indicates that an isolated polymer chain can be 
represented by the nondraining model. Agreement be- 
tween the theory and experiment is however only quali- 
tative. The asymptotic re value is smaller than the the- 
oretical value by about 25%. I t  should be noted that if 
a nonpreaveraged Oseen tensor is used in the calculation, 
the agreement becomes worse. 

Recently, Han and &casu6 estimated the f i t  cumulant, 
or re in our notation, of PS in toluene with the method 
of the cumulant and found that their data came much 
closer to the theoretical prediction than ours. The dif- 

k~ = 0.8A2M - NAuH/M - iJ 

kD = 2A2M - B(NAuH/IM) - iJ 

1 

I I I I I I  
0 2 4 6 8 

x1/2 

Figure 7. Plot of reduced effective decay rates (I'Jro/(q3ksT/q,J 
against X1I2: (0) FF33; (0) FF35; (a) FF36; (0) FF37. The solid 
curve is a theoretical curve calculated for the nondraining flexible 
coil with a preaveraged Oseen tensor in good solvent limit. 
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Figure 8. Dependence of the relative intensity (P0/P), against 
X. The symbols are the same as in Figure 7. The solid curve 
is a theoretical curve for an unperturbed flexible coil with dom- 
inant hydrodynamic interacti~n.~~ 

ference between their data and our data may be ascribed 
to the following: (1) the former data were not extrapolated 
to infinite dilution but the data at finite concentrations 
were used for comparison with the theory and ( 2 )  the 
precision of cumulant analysis becomes poor when X112 
exceeds 2 as they noticed. 

The 25% difference between the theory and the ex- 
periment in the good solvent is larger than the 15% dif- 
ference observed for the same polymer at  the 0 state. In 
the latter system, Do was also found to be 15% smaller 
than the theoretical value. Therefore, when (I'e)4/Doq2 
was plotted against X112, cancellation of the disagreements 
in both (re)- and Do brought forth quantitative agree- 
ment between the theory and the experiment. In the case 
of the good solvent, a similar plot did not improve the 
agreement much, but the data fell on the theoretical curve 
calculated for a single unperturbed flexible chain. 

The present data indicate that not only the recalculation 
of Do but also the reconsideration of the internal motion 
responsible for the behavior in the intermediate q region 
are necessary. The smaller (re)+ values may indicate that 
the theory overestimates magnitudes either of decay rates 
of the internal modes or of associated amplitudes. The 
analysis of the relative intensity data to be described in 
the next section favors the latter conjecture. 

Relative Intensity (Po/P)d .  Figure 8 shows the X 
dependence of the relative intensity a t  infinite dilution 
(P0/P),+ in the range of X where (Po/P), gives the 
amplitude of the translational diffusion motion relative 
to that of all molecular motions that give rise to concen- 
tration fluctuation. The solid curve is a theoretical curve 
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for an unperturbed flexible chain with dominant hydro- 
dynamic i n t e r a c t i ~ n . ~ ~  A theory taking into account the 
excluded volume effect is not proposed yet. It may be 
shown that an assumption of the uniform expansion gives 
the prediction identical with the solid curve.24 

(Po/P)c-o decreases with increasing X ,  as it must. 
However an upward departure from the solid curve occurs 
near the relatively small value of X N 2 and deviations 
become bigger with increasing X. This behavior is in 
contrast to that of PS in trans-decalin, for which the data 
points have been located on the solid line up to X 5 5 .  It 
has been shown by Utiyama et aLZ5 and also Fukuda et al.7 
that dependence of the scattering function P ( X )  of PS in 
benzene is closely represented up to X < 10 by the Debye 
function derived for a Gaussian chain. Therefore the 
upward departure of (Po/P), in the good solvent suggests 
that normal mode type motions responsible for intramo- 
lecular relaxation are more or less depressed in a swollen 
coil. This may be one of the reasons why takes 
values smaller than the theoretical predictions which as- 
sumed complete flexibility to the swollen coil. 

The longest relaxation time r1 may be roughly estimated 
from data with 1 I X I 3, since in this range of X ,  the 
term associated with r1 accounts for the greater part of the 
intramolecular c o n t r i b u t i ~ n . ~ ~  We obtained T~ = 210 and 
830 ys for FF33 and FF35, respectively. These values are 
compared with theoretical values calculated from eq 17, 

71 = M?lo[ol/A,RT (17) 

where Al = 0.822 for the free-draining beadspring modelz6 
and 1.18 for the nondraining By using an em- 
pirical relation between [q] and Mw2s 

(18) [v] = 7.8 x 10-5Mw0.75 

We obtain r1 for FF33 from eq 17 as 
r1 = 320 p s  (free-draining) 

T~ = 220 ys (nondraining) 

and for FF35 as 
T ,  = 1340 ps (free-draining) 

71 = 930 ys (nondraining) 

Comparison of experimental values with theoretical values 
reconfirms that the nondraining model is adequate for 
describing dynamics of an isolated polymer molecule in 
good solvents. 
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