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ABSTRACT: Dielectric spectroscopy (DS) and dynamic light scattering (DLS) are employed to study the 
dynamics of poly(n-lauryl methacrylate) (PnLMA) (M,  = 1.1 x lo5) at  temperatures below and above the 
glass transition temperature Tg (Tg % 225 K). The DS and DLS data show no evidence for the splitting 
between the primary (a-) and secondary (p-1 relaxations within the experimental frequency range. The 
main process affecting DS and DLS is the mixed @-relaxation which bears similarities to a single a-process 
with regard to the T-dependence of the relaxation times. Excellent agreement between the two sets of 
experimental relaxation times was found. The distribution of relaxation times exhibits a pronounced 
temperature dependence: from a Kohlrausch-Williams-Watts (KWW) exponent of BKWW % 0.25 at  T = 
Tg t o  BKWW 1 at  T % T, + 100 K and at  a frequency of about 1 MHz. PnLh4A is therefore, to our 
knowledge, the only polymer with a Debye (j3 = 1) distribution of relaxation times at  megahertz frequencies 
so far. The extremely broad distribution near T g  and the weak normalized temperature dependence of 
the relaxation time apparently contradict the phenomenologically established correlation between the 
two in many glass formers. This contradiction might arise from concentration fluctuations of the long 
alkyl chain which can broaden the relaxation spectrum near TB. In addition to the main P-process, a 
“fast” /3-relaxation can be resolved in both experiments and originates from the polyethylene-like alkyl 
chain. 

Introduction 
There is a long history in the study of the relaxation 

properties of the poly(n-alkyl methacrylates).l A recur- 
ring theme is in the systematic study of relaxation 
properties in a series of these polymers with increasing 
length of the alkyl group in the side chain. One purpose 
of these systematic studies is to  find the trend of 
variation in relaxation properties with chemical struc- 
tural change in this family of polymers. An early 
example of these works includes the dynamic mechan- 
ical measurements made by Ferry and co-workers2 in 
the frequency range 20-3000 Hz. The polymers studied 
were poly(ethy1 methacrylate) (PEMA), poly(n-butyl 
methacrylate) (PnBMA), poly(n-hexyl methacrylate) 
(PnHMA), poly(n-octyl methacrylate) (PnOMA), and 
poly(n-lauryl methacrylate) (PnLMA), which was called 
poly(n-dodecyl methacrylate) (PnDMA) by Ferry. An- 
other is the measurement of the loss modulus G at 1 
Hz as a hnction of temperature of poly(methy1 meth- 
acrylate) (PMMA), PEMA, poly(n-propyl methacrylate) 
(PnPMA), and PnBMA by Hei jb~er .~  Heijboer’s results 
show that, with increasing length of the alkyl group, 
the position of the a-relaxation peak moves to lower 
temperatures with the tendency to merge with the 
p-relaxation peak which appears to remain stationary. 
Therefore, depending on the length of the alkyl chain 
( 1 )  one can shift the glass transition temperature (an 
effect known as internal plasticization) by more than 
150 K in going from the first member of the series 
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PMMA to 1 = 12 (PnLMA). As a consequence, for 
different 1, one can study (i) the primary (a-) relaxation, 
(ii) the secondary (b-) relaxation, and (iii) the splitting 
region and the mixed @-relaxation. Using PnLMA we 
are practically studying the mixed relaxation above Tg 
and the low-T relaxations. 

For the lower members of this series, there exist 
extensive dielectric1 and recently light scattering stud- 
ies. The primary and secondary relaxations in the 
dielectric (DS) and dynamic depolarized light scattering 
(DLS) exper’iments are associated with the ester side 
group which possess most of the dipole moment and 
optical anisotropy, respectively. The DS response of the 
lower members of the series PMMA,415 PEIvW,~~~ and 
PnBMA5 is influenced by the segmental (a-) and sec- 
ondary (p-1 relaxations. For PIIHMA,~ however, only a 
single process could be detected with a temperature- 
dependent distribution of relaxation times which nar- 
rows with increasing T but remains broader than a 
single Debye process. The reason behind the inability 
of separating the two processes is the progressive shift 
of the merging of the two relaxations to  lower frequen- 
cies with increasing alkyl chain length. Application of 
pressure was very successful in separating the two 
processes in the higher members of the series with alkyl 
chain lengths 1 = a5 and 1 = However, application 
of pressure on PnLMA7 did not succeed in separating 
the two processes, and the single DS process was 
discussed in terms of a mixed @-process. 

Recently, dynamic light scattering with the use of the 
modern correlators encompassing a broad time range 
has been applied to separate the two processes in poly- 
(n-alkyl methacrylates). “his was successful in PMMA,8 

and PnBMA,lOJ1 but for PnHMA12 again a 
single process has been detected. The effect of introduc- 
ing a bulkier side group has also been studied in poly- 
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(cyclohexyl methacrylate) (PCHMA)'~-'~ where the ,!?-re- 
laxation is considerably suppressed. External plasti- 
cization16 of PMMA with the polar additive DOP re- 
sulted in the strengthening of the j?-relaxation at the 
expense of the primary relaxation. This w a s  discussed 
in terms of a concerted motion of the polymer side chain 
with the polar additive.16 

The purpose of the present study is to explore in detail 
(i) the modification of segmental dynamics by the 
introduction of a long side chain at temperatures above 
Tg and (ii) the local dynamics below Te The system is 
PnLMA, and the techniques are DLS and DS. Because 
of the low-fkquency merging of the a- and B-relaxations 
(which we call here the "slow" p-relaxation to differenti- 
ate from a faster ,%process), we are practically studying 
the mixed (as) relaxation which beam many similarities 
to the  segmental (a-) relaxation. The distribution of 
relaxation times associated with this process displays 
an unusually strong T-dependence. It starts out ex- 
tremely broad at low temperatures near Tg, narrows 
monotonically with increasing temperature, and be- 
comes practically a single exponential at a frequency of 
1 MHz. PnLMA is therefore, to our knowledge, the only 
polymer showing a Debye distribution of relaxation 
times at MHz frequencies. O n  the other hand, the 
characteristic relaxation time of the distribution has a 
weak dependence on the normalized reciprocal temper- 
ature TdT. These two features of the relaxation spec- 
trum at first sight seem t o  violate the expected corre- 
lation between them (i.e., a broader spectrum together 
with a strong temperature dependence of the relaxation 
time) which has been established in many glass formers 
including polymers."-19 However, this apparent  con- 
tradiction can be removed since the long side chain in 
PnLMA gives rise to concentration fluctuations. These 
contribute a temperature-dependent broadening of the 
relaxation spectrum as observed. The additional relax- 
ations at low-T studied by DLS and DS originate from 
the  polyethylene (PE)-like side chain. 

,Experimental Section 
Sample. Lauryl methacrylate monomer (Aldrich Chemi- 

cals) was carefully dried and vacuum distilled into the dusb 
free light scattering ampoule. Thermal polymerization was 
accomplished by heating the ampoule, sealed under vacuum 
at  393 K for 36 h. The sample was allowed to remain in the 
oven for 1 month a t  373 K to attain equilibrium. The weight. 
average molecular weight M, was 1.1 x 10s as  determined by 
gel permeation chromatography (GPC) calihrakd p i t h  a 
PMMA standard, and the polydispersity index ( M J M . )  was 
1.9. The glass transition temperature T.  was determined by 
differential scanning calorimetry (DSC). The sample was first 
m l e d  to 123 K a t  a rate of 15 Wmin, and a thermogram was 
taken as it was heated to 373 K a t  a rate of 20 Wmin and a 
second thermogram was recorded after cooling to 123 K (rate: 
15 Wmin) and subsequent heating with a rate of 10 Wmin. A 
broad transition range was found in the vicinity of -225 K 
with a breadth AT, = 30 K exceeding the values of other poly- 
(n-alkyl methacrylates) with shorter alkyl chains. A lower 2'. 
value (-208 K) was reported earlier by dilatometry." There 
was also evidence for a melting peak centered at  about 240 K 
with a AT,,, - 15 K (see inset to Figure 1). The melting point 
of PnLMA has been reported2' to occur a t  239 Kin agreement 
with our DSC result, but the dilatometric data showed no 
evidence for it. However, it has been reporhi= that a minimal 
length of 10 carbon atoms is required for side-chain crystal- 
lization. 

To investigate further the possibility of side-chain crystal- 
lization, we have used X-ray diffraction. A Siemens 0-0 
diffractometer (D500T) was used in the reflection geometry 
as  described Measurements were made in the 
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Figure 1. Wide-angle X-ray scattering curves for PLMA for 
different temperatures: (0) 333, (0) 298, (A) 243, (v) 233, and 
(+I 223 K. The melting point of PnLMA is 239 K and a t  this 
temperature there is evidence for weak crystallization (ad- 
ditional peaks 1 and 2). The melting point is also evident by 
DSC (arrow at  the inset) together with a broad glass transition. 

Q-range 1-28 nu-' and for several temperatures between 223 
and 333 K. Figure 1 shows the X-ray diffraction patterns a t  
some temperatures. These patterns are characterized hy a 
strong amorphous peak a t  Q a 13 nm-', corresponding to a 
distance of -5 A. This peak is considered to arise from the 
van der Waals (VDW) contacts of atoms and is referred to as  
the VDW peak. The temperature dependence of this peak has 
been studied earlier in two polycarbonates of Bisphenol AB 
and reflects the different thermal expansion below and above 
TB. There is also an additional peak at  lower Q, referred as 
the low van der Waals (LVDW) peak, with a smaller intensity 
than the VDW peak which originates from structures with a 
spacing of d - 18 A a t  T = 298 K. The diffraction patterns a t  
the two lowest measurement temperatures (223 and 233 K) 
provide evidence for weak crystallization with corresponding 
spacings of 25 and 18 A (arrows in Figure 1). The observed 
weak crystallization in PnLMA contrasts with the sharp 
diffraction peaks in polyhoctadecyl methacrylate)2' due to 
side-chain crystallization. 

Dynamic Light Scattering (DLS). Samples of high 
optical quality are necessary for photon correlation spectros- 
copy (PCS) studies of hulk polymers near and below TB. To 
check the optical quality of our sample, we have recorded a 
polarized (VV) Rayleigh-Brillouin (RBI spectrum at  294 K, 
using a tandem Fabry-Perot interferometer (FPI) with a free 
spectral range of 30 GHz. The RB spectrum is shown in Figure 
2 and displays the central peak and the shifted Brillouin 
doublet. The Landau-Placzek (LP) intensity ratio, that is, 
the intensity ratio of the unshim peak to the s h i m  Brillouin 
doublet, is 4.8, and the hquency shiRfs and width 2 r ~  of the 
Brillouin lines are 8.26 and 1.25 GHz, respectively. The low 
LP ratio is indicative of a sample with high optical quality 
which allows us to proceed to our PCS study. I t  is worth 
noticing the broad Brillouin linewidth at about Tg + 70 K, 
similar to other poly(n-alkyl methacrylates)6 with shorter alkyl 
side chains. 

The depolarized WH) geometry waa used for the PCS study, 
and the apparatus used was equipped with an argon ion laser 
(Coherent Radiation, Model Innova 300) operating at a wave- 
length of 488 nm. The incident and scattered beams were 
polarized, respectively, with Glan (extinction coefficient better 
than 10-3 and Glan-Thompson (extinction coefficient better 
than lo-') polarizers. The detection optics employed a 4-pm- 
diameter monomodal fiber coupled to the photomultiplier. The 
index-matching fluid was silicone oil, cooled using a cryostat. 
Condensation on the cell windows at  subzero temperatures 
was prevented by a Nz stream onto the exposed surfaces. An 



Macromolecules, Vol. 28, No. 20,1995 Dynamics of the Polymer %-Lauryl Methacrylate 6801 

1,oxro' 

e 
m ? 
v 

.- 0 
u) c 5.0~10' a 
c c - 

T=294 K 1 

0.0 
-20 0 20 

Figure 2. Polarized Rayleigh-Brillouin spectrum of PnLMA 
taken with FSR of 30 GHz at 294 K. At this temperature the 
Landau-Placzek intensity ratio is about 5. 
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Figure 3. 3D representation of the dielectric loss 6'' as a 
function of temperature and frequency. 

ALV-5OOO multibit, multi-r full digital autoeorrelator was used. 
Details on the experimental setup can be found elsewhere.1E 

Dielectric Spectroscopy (DS). Measurements of the 
complex dielectric function were made in the frequency range 
from lo+ to 105 Hz with a frequency response analyzer 
(Solartmn Schlumberger FRA1260) and for temperatures 
between 123 and 315 K. The sample was kept between two 
gold-plated stainless steel plates of 20 mm diameter with a 
separation of 50 pm. The sample environment and details on 
the experimental setup are given in ref 25. Typical dielectric 
loss curves are shown in Figure 3, in a 3D representation. 

Mechanical Spectroscopy (MS). Measurements of the 
complex shear modulus G* were made with a Rheometries 
RMS800 spectrometer over the temperature range from 183 
to 343 K and for 10 frequencies between 0.1 and 100 rad/% 
The temperature was controlled with an accuracy of f0.5 IC, 
and the amplitude of deformation was within the linear 
viscoelastic range. 

Data Analysis 
Dynamic Light Scattering (DLS). On the basis of 

the relatively low Landau-Placzek intensity ratio and 
the weak depolarized scattered intensity, we have 

0 2 4 6 

Figure 4. Measured orientation correlation functions for 
PnLMA at a scattering angle of 90': (0) T = 293, (v) 276, (0) 
265, (H) 253, and (A) 244 K. 

treated the DLS correlation functions in the homodyne 
limit. Under such conditions the measured intensity 
autocorrelation function G,(Q,t) is related to the de- 
sired normalized field correlation function gvH(Q,t) 
(Q is the scattering vector with magnitude (4mlA) 
sin(8/2), with n being the refractive index, 8 the scat- 
tering angle, and A the laser wavelength) by 

logt/p s 

Gv,$Q,t) =AD + AwvH(Q,t)l21 (1) 

where fis the instrumental fador, calculated by means 
of a standard, a is the fraction of the total scattered 
intensity associated with fluctuations in the optical 
anisotropy with correlation times longer than s and 
A is the baseline. Typical correlation functions obtained 
in the VH geometry are shown in Figure 4 a t  tempera- 
tures in the range 244-293 K. The lower and upper 
temperature limits were determined by the crystalliza- 
tion and the width of the correlator window, respec- 
tively. The gv,(Q,t) clearly displays two relaxation 
processes, and both can be well analyzed in the range 
244-276 K. Correlation functions in the polarized (Vv) 
geometry were also measured and were influenced by 
the long-range density fluctuations known as "clus- 
ters% and wil l  not be discussed further here. Two types 
of analyses have been performed for the gv&) correla- 
tion functions. First, we used a double Koblrausch- 
Williams-Watts (KWW) function 

wVn(Q,t) = a, exp[-(tlrf~~+ a, exp[-(tlt,)'? (2) 

with parametem qs, qS, and &. which give the contrast, 
relaxation time, and shape of the fast and slow pro- 
cesses, respectively. From this type of analysis we found 
temperature-dependent parameters. The slow relax- 
ation times, T., had a stronger temperature dependence 
than the fast rf and both 8. and pr increased with 
increasing temperature. To verify this finding, a second 
type of analysis which does not assume any functional 
form for the correlation functions was made with the 
use of the inverse Laplace transform (ILT) of the time- 
correlation functions (using C0NTINkz7 

The resulta of the ILT analysis at different temperatures 
are illustrated in Figure 5. The ILT result shows a 
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Figure 5. Retardation time spectra, rA(t), at four tempera- 
tures as indicated obtained from the inversion of the time 
correlation functions using the ILT technique. 
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Figure 6. Inverse Laplace transformation of the VH correla- 
tion functions at 276 K for three angles: (0) e = 60°, (0) 0 = 

double peak structure with peaks which are broadened 
and shifted to longer times with decreasing tempera- 
ture. The shift of the relaxation times is more promi- 
nent for the slower mode which additionally becomes 
narrower with increasing T. Figure 6 shows the result 
of the ILT for the data a t  276 K at  three angles. The 
absence of any detectable Q-dependence28-for the light 
scattering Qs (Figure 6)-and the stronger temperature 
dependence of the slower peak (Figure 5) are charac- 
teristic of density fluctuations above (a-relaxation) and 
below (p-relaxation) Tg. The fast relaxation process is 
assigned to the secondary (p-) relaxation mainly due to 
its weaker T-dependence as compared to the slow (a-) 
process. This ,&process, however, should not be con- 
fused with the usual secondary relaxation in the lower 
members of poly(n-alkyl methacrylate) (see below). 
Last, the &-independent a-process found by light scat- 
tering at low Q’s differs from the strong &-dependence 
observed by neutron scattering at much higher Q S . ~ ~  

Dielectric Spectroscopy (DS). Dielectric relax- 
ation measurements of poly(n-alkyl methacrylates), 
including PnLMA, have been reported earlier.7 For 
PnLMA a single process (a-relaxation) was detected 
probably because of the smaller frequency range em- 
ployed. In fact, we find three dielectrically active 
relaxations in the present study of PnLMA. Starting 
from high T, the first two processes correspond to the 
primary and secondary relaxations, also seen in DLS, 
and the third process is detected only at lower T (by 
DS). As with the DLS data, we have employed two 
types of analyses: The first assumes a specific shape 

goo, (v) e = 1400. 
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Figure 7. Fit of the dielectric loss data in PnLMA at T = 
255 K using a double HN function. The “fast” and “slow” 
processes are the fast j3- and a-relaxations, respectively. The 
distribution of relaxation times is shown in the inset at two 
temperatures. 

given by the empirical equation of Havriliak and 
Negami (HN)30 

which has been very successful in describing the DS 
data from a variety of systems. In eq 4, Ac is the 
relaxation strength of the process under investigation, 
t” is the characteristic relaxation time of the HN 
equation, and a and y respectively describe the sym- 
metrical and asymmetrical broadening of the distribu- 
tion of relaxation times. The electrical conductivity 
within the sample has also been fitted by c”(w> - w- l .  
Figure 7 shows a fit with a double HN function to the 
dielectric loss data at T = 255 K. The second approach, 
which makes no assumption on the form of the relax- 
ation function, is based on the inversion of the dielectric 
data 

again using CONTIN31 and provides directly the dis- 
tribution of relaxation times K(z) = zA(r) A€. The result 
from the inversion of the experimental data at T = 255 
K is shown in the inset to Figure 7 and reveals a 
bimodal distribution. A single HN was used to fit the 
fastest process in the T-range: from 127 to 148 K. The 
dependence of the HN parameters on T for the three 
processes is discussed in the next section. 

Mechanical Spectroscopy. From the dynamic me- 
chanical measurements the master curves of G and G 
are plotted in Figure 8 as a function of reduced 
frequency. Only horizontal shifts were applied to the 
data, and the reference temperature was TO = 293 K. 
The shift factors are also plotted in the inset to Figure 
8. The WLF parameters a t  the reference temperature 
were cl0 = 6.6 and c2O = 118 K which correspond to clg 
= 15 and c2g = 51 K at Tg. The average relaxation time 
(z) was obtained from the isothermal data at T = 238 K 
which show the crossing of G and G .  The distribution 
of relaxation times was obtained by a Fourier transfor- 
mation of the KWW function in the frequency domain 
and comparison with the G and G data in the high- 
frequency portion of the softening region. Finally, from 
the values of (z) and ,f3m the zmax was calculated. 
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Figure 8. Reduced frequency plot for the G and G of F’nLMA 
using TO = 293 K as the reference temperature. The corre- 
sponding shift factors are plotted in the inset. 

Results and Discussion 
Rubbery State. The DS and DLS measurements 

give clear evidence for the existence of two processes at 
temperatures near and above the calorimetric Tg (Fig- 
ures 4 and 7). Additionally, the MS measurements 
made over the high-frequency portion of the softening 
region are caused by the segmental relaxation (Figure 
81, but the pronounced failure of the time-temperature 
superposition at  lower Tis  indicative of another, faster 
relaxation with Arrhenius temperature dependence 
which is appropriate for a process below TP As men- 
tioned in the preceding section, the slow and fast 
processes are identical with the primary (a-) and 
secondary (p-) relaxations, respectively. To facilitate the 
comparison of the distribution of relaxation times for 
the a-relaxation as obtained from DS and DLS, we have 
performed the Fourier transform of the dielectric com- 
plex permittivity E*(o)  and fitted the resulting normal- 
ized autocorrelation function W t )  by the KWW hnction 
to obtain the exponent p m .  We are aware that in 
doing so we are only treating the width and not the 
exact shape of the dielectric loss data which are char- 
acterized by two shape parameters in the frequency 
domain, instead of the single shape parameter in the 
time domain. The T-dependence of the B m  as ob- 
tained from DS and DLS is shown in Figure 9 including 
the value of p m  from the dynamic mechanical data 
in the softening region. The distribution of relaxation 
times is very broad near Tg ( B m  w 0.25) but narrows 
with increasing T, and at T = 325 K which is only 100 
K above T, the a-relaxation becomes practically a single 
exponential ( p m  w 1). This point deserves more 
attention. It is usually the case with glass-forming 
liquids that the distribution of relaxation times narrows 
with T,26,32 and at  a high temperature which is near 
the melting temperature T, and within the frequency 
range from gigahertz to terahertz the relaxation func- 
tion approaches a single exponential (Debye process). 
Polymers behave differently32b,33,34 as follows: the dis- 
tribution is quite broad near Tg, and this is reflected in 
the low values of /3m (in the range 0.3-0.4) or in the 
values of the HN parameters a and a y  and usually 
narrows with increasing T to a value which is smaller 
than one (usually p m  I 0.5). It has also been 
reported35 that for some polymers the distribution of 
relaxation times (j3m) is insensitive to T. The unique 
feature of PnLMA so far is that it resembles a polymer- 
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Figure 9. Kohlrausch-Williams-Watts exponent (p-) of 
the segmental relaxation plotted vs inverse temperature. The 
melting point of PnLMA is indicated with an arrow. 

like distribution of relaxation times near Tg (/3m w 
0.25) and a small-molecule liquidlike distribution @m 

0.9) a t  higher T (%Tg + 100 K). 
Alternatively, a low and strongly T-dependent B m  

can also imply the existence of two processes with 
different T-dependences (a + p relaxation). We have 
investigated this issue in detail by making the inversion 
of the dielectric data using the modified version of 
CONTIN (eq 5). The distribution of relaxation times 
for the main peak in Figure 7 was found to broaden 
asymmetrically toward longer times with decreasing T. 
However, within the temperature range investigated it 
remained a single peak which suggests that the merging 
of the segmental (a-) with the slow ,&relaxation occurred 
at times longer than about lo2 s. Moreover, the well- 
known from other poly(n-alkyl methacrylates) slow 
B-relaxation would broaden the distribution (inset to  
Figure 7) toward short times. Therefore, the slow 
p-relaxation does not suffice to explain the asymmetric 
broadening of the distribution. Alternatively, such 
asymmetric broadening exists in polymer blends and 
copolymers (see below). 

The distribution of relaxation times obtained from DS 
can be parametrized in the form 

pKWw=x -y lT  (6) 

with parameters (x ,  y )  equal to (2.615, 5551, whereas 
from DLS these parameters are (2573,562). The single 
p m  value obtained from the MS measurements agrees 
with the extrapolation by eq 6 from the DLS data. 
However, given the uncertainty in the estimation of 
p m  by different methods, we conclude that DS and 
DLS are practically sensitive to the same distribution 
of relaxation times for the segmental (a-) relaxation 
originating from the dipole moment and optical anisot- 
ropy, respectively, of the COOR group which is attached 
to the main chain. The linear dependence of /3m with 
inverse temperature may reflect a relation between 
fragility and topology.36 The majority of “strong“ liquids 
have a well-defined network glass structure with a low 
value of the average coordination number zo (typically 
zo = 3-5) and of its fluctuations (Az), whereas “fragile” 
liquids have higher coordination numbers (typically zo 
x 14-16) and higher fluctuations Az. The two param- 
eters above (z and Az) suffice to explain37 the strong vs 
fragile behavior of liquids, whereas the distribution of 
relaxation times is only affected by the latter, i.e., j3m 
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Figure 10. Temperature dependence of the relaxation times 
of h L M A  in an Arrhenius representation. The a-relaxation 
times are from (0) DS (present study), (8) DS from ref 7, (0) 
DLS, and (+) MS. The &relaxation times are from (0) DS 
and (B) DLS. The low-T relaxation (y-process (A)) times are 
obtained from DS. 

= 1 - AzEdT where Eo is the variance in the energy of 
the system. According to this recently published 
the temperature dependence of p m  (eq 6) can be 
attributed to  the reduction in the fluctuations of the 
coordination number Az (Az - 0) with increasing T. 
This implies a structural change with T. 

In Figure 10, we plot the T-dependence of the relax- 
ation times for the a-relaxation and the lower T 
relaxations (p- and y- )  as probed by DS. Previous DS 
measurements7 on the segmental relaxation lie practi- 
cally on top of our relaxation times. The DLS relaxation 
times are also plotted in Figure 10 and compare well 
with the times obtained from DS. We have to  mention 
that differences between DLS and DS with respect to 
the different order of the Legendre polynomials of the 
orientational correlation functions are suppressed in the 
logarithmic scale of Figure 10. The broad AT,, as 
obtained from DSC, is also indicated in Figure 10. The 
Vogel-Fulcher-Tammann (VFT) equation 

t = zo exp[Bl(T-To)] (7) 

was used to fit the segmental relaxation times with 
three parameters, to, B, and TO, which represent the 
high-T intercept, the apparent activation energy, and 
the ”ideal” glass transition temperature To, being lower 
than the calorimetric Tg(To = Tg - C Z ~ .  The VFT fit to  
the DS data yields zo = 8.7 x s, B = 1300 f 100 
K, and TO = 172 f 2 K. Notwithstanding the similarity 
of the TO value with the one from MS, the high- 
temperature intercept of the VFT fit to the data shown 
in Figure 10, is about 4 decades slower than the 
generally accepted value SI. On the other hand, 
a forced fit (with to = s) results in TO = 110 K. A 
recent38 study of the dynamics of some glass-forming 
liquids which involved the analysis of the temperature 
derivatives of the dielectric relaxation times has shown 
that a single VFT fails even for temperatures near T,. 
For the glass-forming liquid salol, a fit to the VFT was 
only possible a t  T > Tg + 45 K, resulting, however, in a 
low value for the high-T intercept. 
An alternative approach39 has been proposed for the 

analysis of viscosity v(T) and relaxation times z(T)  for 
the a-process of supercooled liquids. It has been argued 
that v(T) and z(T)  from fragile and strong liquids can 
be scaled on a single universal curve, at T > T,, using 
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Figure 11. Trscaled temperature dependence of the segmen- 
tal relaxation times of PnLMA (01, in comparison with 
PMMAI6 and PE35. The glass transition temperature Tg is 
defined as the temperature at which the relaxation time is 1 
S. 

species-dependent adjustable parameters. The scaling 
temperature (P in this model) is located above the 
melting point T, and signifies the temperature below 
which collective motions begin to play a role. On the 
basis of this analysis, we find a P (=291 K) for PnLMA 
which is well above T, and a small degree of clustering 
typical of strong liquids. 

To estimate the degree of c~operat ivi tyl~-~~ or “fragil- 
ity”36 of PnLMA and to  compare that with other 
polymers, we plot in Figure 11 the relaxation times for 
the segmental relaxation vs the T,-scaled temperature 
(TJ!‘). To avoid the complication from the very broad 
transition range and unnecessary extrapolations, we 
define an operational T, as the temperature a t  which t 
= 1 s. This kind of representation of the segmental 
relaxation times was shown to be very useful in com- 
paring different systems.17 It has also been called the 
“cooperativity” plot since the curvature at T T, was 
found to increase in the same order as the value of n* 
= 1 - p m .  The latter (n*) reflects the capacity of 
intermolecular coupling which assumes different values 
depending on the chemical structure of the system. A 
compilationm of segmental relaxation times from n-alkyl 
methacrylates has shown that the degree of curvature 
or steepness index m = d log t/d(TJT), evaluated at T 
= T,, decreases monotonically with increasing length 
of the side chain. In Figure 11 we include the relaxation 
times of PMMA16 and polyethylene (PE),18 keeping the 
same definition of Tg (as log t = 0). Figure 11 shows 
that PnLMA is a very strong glass, stronger than PE, 
and the values of m at Tg are 30,45, and 66 for PnLMA, 
PE, and PMMA, respectively. 

A comparison of existing relaxation datalg from a 
large number of polymers, ionic melts, supercooled 
liquids, and covalent glass formers has shown that the 
correlation of the nonexponentiality of the a-relaxation 
with the cooperativity can be parametrized as m = 250 
(f30) - 32Oj3m, where p m  refers to its value of T,. 
Given the low value of m for PnLMA and using the 
empirical relation above, we obtain a value of 0.7 f 0.1 
for j3m at T,, which is much larger than the measured 
value (~0.25). This deviation, however, is apparent, and 
the low j3m value reflects a heterogeneous broadening 
related to the nature of the polymer. PnLMA has long 
polyethylene-like side chains which blend with the parts 
of the monomer units near the main chain (i.e., the 
methacrylate backbone). There is a preponderance of 
methylene molecules in the vicinity of the methacrylate 
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backbone, which reduces the probability of finding other 
methacrylate backbone molecules in its vicinity. As a 
result, intermolecular cooperativity in the motion of the 
methacrylate backbone molecule involves to a great 
extent the surrounding methylene molecules in the side 
chains. Among entirely carbon backbone polymers, the 
methylene chains having the simplest chemical struc- 
ture possible are most flexible and impose the least 
dynamic constraints on each other or on another kind 
of molecule like the methacrylate backbone. There is, 
therefore, a mitigation of the intermolecular (and even 
possibly the intramolecular) dynamic constraints be- 
tween the methacrylate backbone molecules by the 
intervening methylene chains. In the framework of the 
coupling model this mitigation of dynamic constraints 
will result in a decrease of the coupling parameter n* 
Pl - /?) of the segmental motion and con~equent ly l~-~~ 
a smaller steepness index m in PnLMA when compared 
with PMMA (R = CH3). In fact, segmental motion in 
PnLMA should have a low degree of cooperativity and 
small n* and m as in PE. A complication, however, 
arises from the fact that PE is a semicrystalline material 
and this can artificially broaden the segmental relax- 
ation of the amorphous phase. When the PE-like side 
chain is attached to the PMMA-like backbone, concen- 
tration fluctuations are created in a somewhat similar 
fashion to miscible binary polymer blends or block 
copolymers, with the backbone and side chain playing 
the roles of the two polymers. Theoretical models41 
based on concentration fluctuations were successful in 
describing quantitatively the broadening of the segmen- 
tal relaxation in homogeneous amorphous polymer 
blends.42 The existence of concentration fluctuations in 
poly(n-alkyl methacrylates) has been reported by com- 
bined SAXS and pressure-volume-temperature (PVT) 
measurements for the lower members of the series (n 
5 6).43 It has been shown that the measured total 
fluctuations by SAXS exceed the calculated density 
fluctuations from the measured isothermal compress- 
ibility and this difference was found to  depend on the 
length of the side chain. The extremely broad segmen- 
tal relaxation of PnLMA at  T x Tg reflects the hetero- 
geneous broadening by the presence of concentration 
fluctuations of backbone and side-chain units. As seen 
before in miscible binary b l e n d ~ ~ l ~ ~ ~  at high T, however, 
the broadening due to concentration fluctuations dimin- 
ishes and the distribution now reflects intermolecular 
cooperativity like the situation in one-component sys- 
tems. Nevertheless, /?m 1 at  high T for a polymeric 
melt can be hardly explained by such models and might 
reflect the dynamic dominance of the long and flexible 
side group. 

Glassy State. The secondary process (/?-relaxation) 
of polyh-alkyl methacrylates) has been studied mainly 
by DS. It was found that the increase in the length of 
the alkyl side chain made the separation between the 
a- and /?-processes increasingly more difficult to d e t e ~ t ~ - ~  
just as in dynamic mechanical  measurement^.^ Pres- 
sure was subsequently applied to separate the two 
processes, and it was found to be very successful for the 
lower poly(n-alkyl  methacrylate^).^,' However, the ear- 
lier7 and the present DS studies have shown no evidence 
of the expected P-relaxation. The reason for the absence 
of the well-known /?-relaxation from the DS spectra of 
PnLMA lies in the systematic shift of the splitting zone 
between the a- and P-relaxations to lower frequencies. 
The shift is predicted44 to  be about 2 decades per CH2- 
unit in the alkyl chain and therefore becomes too slow 
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Figure 12. Dependence of the dielectric strength, A€, for the 
/3-process a t  T - Tg on the number of carbon atoms on the 
side chain in poly(n-alkyl methacrylates). The data for 1 5 8 
are from ref 5. 

to be detected. The inversion of the experimental data 
at low T (Figure 7) gave, again, no evidence for a 
splitting between the a-relaxation and slow /?-relax- 
ation. Here we are able to  resolve a new and faster 
relaxation (which we call fast /?-relaxation) using a 
broader frequency range. As we discuss below, the main 
difficulty in observing this new relaxation lies in its 
small dielectric strength. In Figure 12, we compare the 
dielectric strength of the slow /?-relaxation in different 
poly(n-alkyl methacrylates) with the faster ,!?-relaxation 
in PnLMA and poly(n-decyl methacrylate) (PnDMA)45 
as a function of the carbon atoms in the alkyl chain. 
The strength Acp in Figure 12 refers to its value at  Tg. 
It can be seen that the fast /?-process detected for 1 L 
10 has a different origin from the slow /?-relaxation 
found in I I 8. The decrease A E ~  in the latter case has 
been interpreted as a dilution effect of the dipole density 
per unit volume with increasing 1 .  

The distribution of the DS relaxation times of the fast 
/?-process can be parametrized by the HN parameters 
(eq 4) a = 0.8 and y = 0.4, resulting in a /?m of -0.4. 
Using this value as a fxed parameter, we obtained 
unique fits using the KWW function (eq 2) to the DLS 
data. Alternatively, the procedure described in the data 
analysis was used in invert both the DLS (eq 3) and 
DS (eq 5 )  spectra using CONTIN, and this procedure 
gave consistent results. The relaxation times for the 
fast /?-relaxation, plotted in Figure 10, are fitted with 
an Arrhenius law (TO = 0 K in eq 61, with intercept zo 
= 3.2 x s and activation energy E = 5.1 kcdmol. 
The DLS relaxation times (also plotted in Figure 10) 
give to = s and E = 10 kcallmol, and the 
differences in the activation parameters are due to the 
limited T-range for which the /?-relaxation can be 
investigated. Both activation energies are much smaller 
than for the slow /?-relaxation in poly(n-alkyl methacry- 
lates). For the latter process it was found that an 
increase in the length of the side chain results in an 
increase of the activation energy.5 For example, the 
activation energies are 21, 24, and 28 kcallmol for 
PMMA, PEMA, and PnBMA, respectively, as a result 
of the hindrance to  the side-chain motion. The lower 
activation energy for the fast /?-relaxation of PnLMA 
reflects a more localized motion. It is interesting to note 
that the activation energy of this process is similar to 
that for the mechanical y-relaxation in PE (E, = 11 k c d  
mol) which appears a t  T = 126 K for f = 1 H z . ~ ~  We 
can, therefore, assign this process to a localized hindered 
rotation of the side chain. 

At lower T another relaxation exists (y-relaxation) in 
the DS experiment of a very small relaxation strength 
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Figure 13. Temperature dependence of the relaxation strength 
for the a- (0) and /?-processes (0) in PnLMA. The vertical 
arrow indicates the melting temperature. 

(A6 = 2 x 10-9. It has the following activation 
parameters: TO = 1.6 x s and E,  = 6.6 kcallmol. 
This process may correspond to the mechanical y-re- 
laxation found in poly(n-alkyl methacrylates) with I L 
3 and with an activation energy E,  w 5.5 kcal/mol (Tma 
= 90 K at f = 0.5 Hz). This process has been assigned 
to  the rotation of the ethyl end 

The temperature dependencies of the dielectric 
strength of the a- and /?-processes are shown in Figure 
13. The dielectric strength of the a-relaxation (A€,) 
increases with increasing T and shows a maximum in 
the vicinity of the melting point (arrow in Figure 13). 
For temperatures below T, the hindered mobility of the 
side-chain motion results in the decrease of A E ~ .  The 
temperature dependence of A q  is opposite. A q  in- 
creases with increasing T as a result of the increase in 
the number of dipoles participating in the motion. 
Notice the smaller values of A q  as compared to AGa at 
all T. 

Conclusion 
The study of the dynamics of PnLMA revealed some 

interesting features which are not common to the lower 
members of the series of poly(n-alkyl methacrylates). 
In PnLMA, the splitting of the segmental (a-) from the 
slow /?-relaxation occurs at low frequencies, and we can 
practically study the mixed (a&) relaxation over a broad 
temperature range. On the basis of the 5'-dependence 
of the relaxation times, we find that the mixed (@-) 
relaxation has the character of an a-relaxation (non- 
Arrhenius) with a peculiar variation of the distribution 
function with T. The distribution of relaxation times,47 
obtained from the combined DLS and DS experiments, 
is exceptionally broad near Tg, but it displays a strong 
T-dependence and at a frequency of 1 MHz collapses 
into a Debye process. Consequently, PnLMA is, to our 
knowledge, the only polymer with nearly a Debye 
segmental relaxation at  megahertz frequencies. The 
characteristic relaxation time when plotted against 
normalized reciprocal temperature, TdT, shows a very 
weak dependence. The strong nature of this glass 
cannot simultaneously account for the narrow distribu- 
tion of relaxation times at  high T and the very broad 
distribution near Tg. The latter can be explained if we 
envision PnLMA as a copolymer made out of a PMMA- 
like backbone with a PE-like side chain. Then the 
temperature-dependent broadening of the segmental 
relaxation can be attributed to the concentration fluc- 
tuations from the methacrylate backbone and side-chain 
molecules. The actual contribution of intermolecular 
cooperativity to the breadth of the segmental relaxation 

in PnLMA is quite small. This follows in the coupling 
model from the small coupling parameter n due to the 
much reduced intermolecular dynamic constraints, com- 
pared with the situation in PMMA, caused by the 
preponderance of methylene chain molecules near the 
methacrylate backbone in F'nLMA. A small n* also 
gives rise in the coupling model to a weak dependence 
of TdT. Thus, the rather unique features of the 
segmental relaxation dynamics observed experimentally 
in this work can be explained. At lower temperatures, 
additional relaxation processes exist of more local 
nature which are associated with the alkyl side chain. 
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