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ABSTRACT: The coupling of various rotational motions of the rotor probes 4-(tricyanovinyl)-N-(2- 
hydroxyethy1)-N-ethylaniline (TCI) and julolidenemalononitrile (JMN) to the relaxation dynamics of poly- 
(ethyl methacrylate), polybobutyl methacrylate), and an isobutyl methacrylate-TC1 labeled methacrylate 
copolymer has been investigated by second harmonic generation (SHG) and steady-state fluorescence in 
both the glassy and rubbery states. In the rubbery state, the temperature dependence of the average 
rotational reorientation relaxation times, (r) ,  of TC1, both doped and labeled, determined from SHG 
measurements can be fitted well to the WLF equation with reasonable C1 and Cz parameters, indicating 
coupling to the a-relaxation in these polymer systems. The value of (t) at the glass transition temperature 
and the weaker temperature dependence of (t) in the glassy state also support the conclusion of coupling 
to the a-relaxation. However, from fluorescence measurements a much weaker temperature dependence 
is observed for the smaller scale motions involving internal rotations and/or isomerizations of the acceptor 
and/or donor moieties on TC1 and JMN, indicating significant decoupling from the a-relaxation. The 
decoupling of these internal probe motions from the a-relaxation mechanism is discussed in terms of x ,  
a probe-dependent parameter introduced by Loutfy, and <, a parameter described by Ehlich and Sillescu 
as indicating the degree of coupling to the a-relaxation. A consideration of the time scales and activation 
energies associated with the smaller scale, internal rotation of these various moieties suggests at least 
some coupling to sub-p-relaxations. We also note the importance of carefully considering the results of 
a WLF fit in order to interpret appropriately the nature of the probe coupling to the polymer relaxation. 

Introduction 
There have been substantial advances in the use of 

molecular probe spectroscopylJ for investigating mech- 
anisms associated with complex relaxation behavior in 
amorphous polymer systems. The molecular probe 
spectroscopy approaches recently employed include 
d i e l e ~ t r i c , ~ - ~  electron spin r e s o n a n ~ e , ~ , ~  nuclear mag- 
netic resonance,1° W-visible absorbance (photo- 
~h romism) , l ’ -~~  steady-state f l u o r e s c e n ~ e , ~ ~ - ~ ~  fluores- 
cence anisotropy d e ~ a y , ~ ~ ’ ~ ~  and photobleachingz3 tech- 
niques. Each of these techniques is sensitive to the 
rotational reorientation or isomerization of all or part 
of a probe molecule, which in turn is affected by the 
relaxation processes of its local polymeric environment. 
Additionally, studies of probe translational motions in 
polymers have been performed using forced Rayleigh 
scatteringz4 and fluorescence nonradiative energy trans- 
fer.25 

Of particular interest is a class of mobility-sensitive 
intramolecular charge transfer fluorescence chromo- 
phores known as molecular “rotor” probes. These rotor 
probes have been studied extensively in solution and 
in bulk amorphous polymers by Loutfy and LawlEJ9 and 
more recently by Royal and T0rke1son.l~ In these 
studies (dialky1amino)malononitriles were used as rotor 
probes. After absorbing light and being elevated to 
singlet excited states, these probes have two major 
pathways for returning to the ground state. The 
preferred deactivation route is a nonradiative internal 
conversion mechanism involving bond rotations in the 
probe. Hindering these rotations causes the probes to 

* To whom correspondence should be addressed. 
+ Department of Materials Science and Engineering. 
4 Department of Chemical Engineering. 
@ Abstract published in Advance ACS Abstracts, October 15, 

1995. 

deactivate by emitting a photon or fluorescing. There- 
fore, the probe fluorescence intensity, quantum ef- 
ficiency, and excited-state lifetime increase when the 
local mobility decreases or the local environmental 
relaxation processes slow down. 

Royal and Torkelson14 demonstrated that rotor probes 
can be excellent sensors of complex relaxation phenom- 
ena in amorphous polymers as they can sense relative 
rates of physical aging as a function of temperature, the 
attainment of equilibrium during physical aging on time 
scales equivalent to those obtained by enthalpy relax- 
ation measurements, bulk-like “asymmetry” behavior, 
and “memory effects” after multiple temperature jumps. 
A related studyz6 demonstrated quantitative sensitivity 
of rotor probe fluorescence to plasticization, in particular 
water sorption and diffusion in a variety of polymeric 
matrices. Thus, it is clear that there is substantial 
coupling between rotor probe and polymer dynamics. 
However, the nature of this coupling has yet to be 
determined. Through his arguments of sensitivity to 
free volume, LoutfylE proposed that the fluorescence 
behavior of these probes should follow a Williams- 
Landel-Ferry (WLF) type temperature d e p e n d e n ~ e . ~ ~  
If this were correct, it would imply that the rotational 
motions associated with the deactivation in these probes 
would be coupled exclusively to the cooperative segmen- 
tal motions associated with the polymer a-relaxation 
process. However, the fact that there is excellent 
agreement between the relaxation time scales to achieve 
equilibrium exhibited by these probes and by bulk 
enthalpy relaxation measurements during physical ag- 
ing argues against this conclusion as enthalpy relax- 
ation should be sensitive t o  all conformational relax- 
ations in the polymer,28 not just those associated with 
the a-relaxation process. (The relatively small size of 
the internal rotational relaxation processes of the rotor 
probes may not allow for exclusive coupling to the 
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Figure 1. Structures of polymers and chromophores used in this study. 

cooperative segmental motions associated with the 
a-relaxation, as admitted by Law and Loutfylgb.) 

Recently, in a new approach for measuring the 
temporal decay of second-order nonlinear optical prop- 
erties in doped, poled polymers over nearly 12 orders 
of magnitude in time, Dhinojwala et a1.6-7,29330 demon- 
strated that the rotational reorientation of an entire 
intramolecular charge transfer molecule such as Dis- 
perse Red 1 and (N&-dimethylaminolnitrostilbene is 
coupled to the a-relaxation process both above and 
below the glass transition temperature, T,, in polymers 
such as poly(isobuty1 methacrylate), poly(ethy1 meth- 
acrylate), and polystyrene. In particular, at  T,, the 
average rotational reorientation relaxation time, ( r ) ,  of 
these second harmonic generation (SHG) chromophores 
is on the order of 100 s, in agreement with expectations 
for the average a-relaxation time at Tg in both low 
molecular weight and polymeric glass formers.28 Above 
Tg, the temperature dependence of (t) follows that of the 
WLF equation, with physically meaningful values for 
the WLF parameters. Below T,, the temperature 
dependence of (t) deviates from the WLF fit to the data 
above T,, yielding a much lower temperature depen- 
dence which can be described approximately by an 
Arrhenius fit, with an apparent activation energy of 45- 
50 kcallmol, again in agreement with expectations for 
an a-relaxation process below Tg.31 

The intramolecular charge transfer character of the 
fluorescence rotor probes also makes them good candi- 
dates for use as SHG probes. Given this set of circum- 
stances, the present study focuses on providing data on 
both the fluorescence behavior and SHG characteristics 
of rotor probes such as julolidenemalononitrile and 
4-(tricyanovinyl)-N-(2-hydroxyethyl)-N-ethylaniline in 
poly(alky1 methacrylates) above and below T,. As such, 
this study provides the first comparison between dif- 
ferent rotational reorientation processes, in one case the 
rotation of a moiety on the rotor probe and in the second 

the rotational reorientation of the whole molecule, using 
the same probe/polymer systems. Hence, this study 
allows for a detailed investigation of the coupling of the 
rotationallreorientational probe motions to polymer 
dynamics. In addition, the effects of covalently attach- 
ing the chromophore to  the polymer on the coupling 
between probe and polymer dynamics will also be 
described. 

Experimental Section 
Materials. Poly(isobuty1 methacrylate) (PiBMA, M ,  = 

300 000; M, = 140 000) and poly(ethy1 methacrylate) (PEMA, 
M ,  = 340000; M ,  = 126 000) for the SHG studies were 
purchased from Scientific Polymer Products and used as 
received. Due to some photobleaching of the fluorescence 
probes in the as-received polymer, the polymers were washed 
several times by reprecipitation from dichloromethane/metha- 
no1 before use in fluorescence measurements. The chro- 
mophore julolidenemalononitrile (JMN; Molecular Probes) was 
used as received. Disperse Red 1 (DR1; Aldrich) was recrys- 
tallized from toluene. The chromophore 4-(tricyanovinyl)-N- 
(2-hydroxyethyl)-N-ethylaniline (TC 1) was synthesized accord- 
ing to a procedure by McKusick et al.32 The random copolymer 
of isobutyl methacrylate and methacrylate monomer labeled 
with TC1 was synthesized using the procedure given in ref 
30. The copolymer had a labeled monomer content of 0.5 mol 
% as determined by UV/visible absorbance. Figure 1 gives the 
structures of the polymers and chromophores used in this 
study. 

The glass transition temperatures of all polymer systems 
were measured in a Perkin-Elmer DSC-7 differential scanning 
calorimeter using a 40 Wmin cooling rate and 10 Wmin 
heating rate. Tg was taken as the onset temperature of the 
heat capacity change. Table 1 lists all the polymer systems 
employed in this study and their corresponding Tis.33 

Sample Preparation. Films for fluorescence measure- 
ments containing less than 0.005 wt % probe with respect to 
polymer were solvent cast from 7-10 wt % polymer solutions 
in spectrophotometric-grade dichloromethane (Aldrich) onto 
Q-grade quartz slides. These were allowed to dry overnight 
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Table 1. Polymer-Chromophore System with Corresponding Ts and  Fluorescence Quantum Yield, @r 
polymer technique chromophore Tg ("C) @f x 102 

PiBMA fluorescence JMN 10.005 wt % 59 2.6 
JMN 2 wt % 53 

PEMA 

SHG 
fluorescence 
SHG 
fluorescence 
SHG 
fluorescence 
SHG 

iBMA-MATC1 (copolymer) fluorescence 
SHG 

a t  room temperature and then for 3 days in a vacuum oven 
above Tg with resulting thicknesses on the order of 100 pm. 
Samples for SHG measurements were made by dissolving 6-8 
wt % polymer (and chromophore a t  2 wt % relative to polymer 
for the doped systems) in spectroscopic-grade chloroform and 
spin coating onto a quartz substrate patterned with planar 
chrome electrodes (800 pm gap) by standard photolithographic 
techniques. The films (2-5 pm thick) were dried below Tg for 
24 h and above Tg for 12 h under vacuum. 

Fluorescence Measurements .  Fluorescence spectra and 
quantum yields were obtained with a SPEX Fluorolog-2 DMlB 
fluorometer in front-face mode. Determination of the quantum 
yield of each chromophore was made a t  room temperature (298 
K), immediately after quenching from above Tg, by referencing 
against perylene (Aldrich) in PMMA (with a quantum yield of 
O.9fP4). The quantum yield for each system is listed in Table 
1. The temperature dependence of the fluorescence behavior 
was obtained in the following manner. For T < Tg, after 
erasing thermal history by heating above Tg, the polymer film 
was quenched (-5 Wmin) to a specified temperature, and the 
fluorescence intensity a t  maximum emission was monitored; 
excitation wavelengths, A,,, were 410 nm for JMN and 460 nm 
for TC1. At T > Tg, the samples were simply heated to  the 
desired temperature, and the measurement was taken. 

SHG Measurements .  All SHG measurements were per- 
formed in decay mode and employed a Q-switched Nd-YAG 
laser (10 Hz frequency) with a 1.064 pm fundamental beam. 
The measurement of reorientation dynamics from 20 s onward 
was done by monitoring the SHG intensity after switching off 
the dc-poling field permanently(l5 kV/cm field). Rotational 
dynamics from 5 ps to 2 s were monitored using a variable 
time delay for switching off the poling field with respect to 
the laser pulse. (See ref 6 for further details.) For studies 
done below Tg, the sample was heated above Tg and a dc-poling 
field was applied until steady state was reached in the rubbery 
state (poling time and temperature were chosen such that 
extraneous charge effects were negligible39; with the dc field 
applied, the sample was then quenched to the temperature of 
the decay measurement. 

Results and Discussion 
A. Second Harmonic Generation Studies. A 

complete description of the basis  for using SHG to  
quant i fy  average  rotat ional  reor ientat ion relaxation 
t imes  of second-order nonl inear  optical (NLO) chro- 
mophores  doped in polymers is given in ref  6. A brief 
overview of t h e  m a i n  f ea tu res  of this approach  is 
provided below w i t h  the description of S H G  d a t a  
obta ined  for TC1 probes molecularly d ispersed  in 
PiBMA a n d  PEMA a n d  covalently a t tached  to  an iBMA- 
based  copolymer. Comparisons to  previous results6 
employing Disperse Red 1, which demonst ra ted  s t rong  
coupling of its reorientat ion dynamics  to  the a-relax-  
a t ion dynamics  of the polymers,  will also be  made .  

In order  t o  obta in  SHG properties in an amorphous  
polymer containing intramolecular charge t ransfer  chro- 
mophores,  it is necessary to  m a k e  the sys tem noncen- 
t r o s y r n m e t r i ~ . ~ ~  This requires applying a dc-poling field 
E,  near Tg, resulting in a net a l ignment  of t h e  NLO 
chromophores.  Fo r  a s teady-state  s i tuat ion (wi th  con- 

TC1 < 0.005 wt % 
TC12 wt % 
JMN <0.005 wt % 
JMN 2 wt % 
TC1 < 0.005 wt % 
TC12 wt  % 
MATC1 0.5 mol % 
MATC10.5 mol % 

59 0.37 
53 
67 2.7 
61 
67 0.75 
61 
64 4.8 
64 

t 
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Figure 2. SHG decay mode measurements a t  30 "C for (0) 
PiBMA + 2 wt % TC1, (0) PEMA + 2 wt % TC1, and (0) 
iBMA-MATC1 copolymer. ,y$) is the value of ,y(2' normalized 
with respect to its value just  before turning off the dc-poling 
field. 

t inuous  application of t h e  dc field), t h e  SHG intensi ty ,  
1(2w),  is given by3713s 

where xi:: is t h e  second-order macroscopic susceptibil- 
i ty  (hence abbrevia ted  as ~ ( ~ 9 ,  z is t h e  direction of t h e  
incident polarization of t h e  fundamen ta l  b e a m  a n d  the 
direction of the dc  field, a n d  N is the n u m b e r  dens i ty  of 
the chromophores. y is a contribution due to an electric 
field-induced third-order  effect, which appea r s  a n d  
d isappears  ins tan taneous ly  upon application a n d  re- 
moval of the dc field.37-39 The  t e r m  NEZ&3/(5kT)1, where  
p is the dipole m o m e n t  a n d  ,8 is the microscopic 
susceptibil i ty of the NLO chromophore, k is the Boltz- 
mann constant ,  a n d  T is t h e  absolute t empera tu re ,  is 
d u e  to  the orientation of the chromophores  which 
balances in response  t o  the dc  field a n d  t h e r m a l  
randomization. 

Figure 2 shows S H G  decay mode measu remen t s  for 
several  PiBMA- a n d  PEMA-based sys tems relatively 
deep  in the glassy state at 30 "C. The data are 
represented  as xg), which is x(2' normalized to  its va lue  
j u s t  pr ior  t o  swi tch ing  off the dc  field. Wi th in  5 ps of 
the removal  of the dc  field, 2:' has decreased to  a va lue  
of 0.96 for all t h r e e  sys tems represented ,  signifying a 
4% decrease in &? as compared to  that before removal 
of the dc field. This 4% decrease is associated w i t h  the 
electric field-induced third-order effect for t h e  T C 1  
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Figure 3. SHG decay data at 30 "C fitted to the KWW 
equation (solid lines) for (0) PiBMA + 2 wt % TC1, (0) PEMA 
+ 2 wt % TC1, and (0) iBMA-MATC1 copolymer. Included 
as a comparison is the decay for (A) PiBMA + 2 wt % DR1 at 
the same temperature. &?A corresponds to the orientational 
component of x(*). 
probe. (Similar measurements for a variety of NLO 
probes have demonstrated that the relative electric field- 
induced third-order contribution to the steady-state ~ ( ~ 1  
value can range from several percent to 20% or higher 
depending on the c h r o m ~ p h o r e ~ ~ , ~ ~ . )  

Figure 3 shows the decay-mode dynamics a t  30 "C 
associated only with the orientational component of 
x:), here designated #b, for TC1 and Disperse Red 1 
doped a t  2 wt % in PiBMA, for TC1 doped at  2 wt % in 
PEMA, and for the iBMA-based copolymer containing 
0.5 mol % TC1. xg& has been calculated for a given 
decay time using eq 2,where y represents the fraction 

of the steady-state ~ ( ~ 1  associated with the instantaneous 
electric field-induced effect.37 As indicated above, y = 
0.04 for TC1 probe and label while a previous study 
determined y = 0.12 for Disperse Red 1 in methacrylate- 
based polymers at  a doping concentration of 2 wt %. 
Noteworthy is the substantial breadth of the relaxation 
times in all cases with the data for the 2 wt % TC1 and 
Disperse Red 1 in PiBMA nearly overlapping. This 
suggests that the reorientation dynamics of these two 
probes are coupled in the same way to polymer dynam- 
ics. As the glass transition temperature is higher in 
PEMA than in PiBMA, there is a substantial increase 
in the temporal stability of ~ ( ~ 1  measured a t  a given 
temperature for PEMA relative to PiBMA. A similar 
Tg effect is observed in the iBMA-based copolymer 
sample containing 0.5 mol % TC1 (which has a sub- 
stantially higher Tg than the doped PiBMA samples due 
to the different local tacticity resulting from the polym- 
erization conditions used in preparing the copolymer 
and slight plasticization effects due to the TC1 chro- 
mophore dopant). Beyond this effect, we also note that 
the copolymer sample has a substantially longer plateau 
region at  short times for xgA than any of the doped 
cases. Such behavior has been noted before30 in iBMA- 
based copolymers containing covalently attached Dis- 

- 4  -ij 1 
- 6 L ~ " " " ' " " ' ' " ' ' " ' " " ' '  ' " ,  

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 

T P  
Figure 4. Values of (t.) obtained from SHG measurements 
scaled using the reduced variable TdT (0) PiBMA + 2 wt % 
TC1; (0) PEMA + 2 wt  % TC1; (0) iBMA-MATC1 copolymer; 
(A) PiBMA + 2 wt % DR1. The solid curve corresponds to the 
PiBMA + 2 wt % DR1 data at T 2 Tg fitted to the WLF 
equation resulting in values of CI = 12 K and CZ = 45 K. 

perse Red 1 chromophores; this has been attributed to 
the additional degree of freedom for the free probe as 
compared with the side-chain functionalized system 
where motion is slightly constrained by covalent attach- 
ment. Consequently, even a t  equivalent temperatures 
relative to Tg, a small yet measurable additional degree 
of reorientation can occur a t  shorter times in the free 
probe system indicative of a broader distribution of 
relaxation times. 

The solid curves in Figure 3 correspond to fits using 
the Kohlrausch-Williams-Watts (KWW) equation41 

xEb = exp[-( t /zP~ (3) 

where z and PW are the KWW parameters. pw can take 
values between 0 and 1; Pw = 1 corresponds to a single- 
exponential decay (single relaxation time) while pW < 1 
indicates a distribution of relaxation times. If a SHG 
polymeric system exhibits a relaxation of the orientation 
component of ~ ( ~ 1  which may be fit adequately to eq 3 
a t  a variety of temperatures, then a comparison of 
polymer dynamics to the decay of x(2)  may be achieved 
by defining an average rotational, reorientation relax- 
ation time constant, (z): 

where r is the gamma function. This definition of (5 )  
is similar to that used in studies of low molecular weight 
glass-former and polymer dynamics by various tech- 

Figure 4 compares ( 5 )  values for the TC1 and Disperse 
Red 1 doped and copolymer systems. Data have been 
scaled with the reduced variable TAT. This scaling 
technique has been used by Ange1lZ8 to compare the 
macroscopic viscosity of glass-forming materials and by 
Roland and Ngai44 to compare a-relaxation dynamics 
of various linear polymers. It has also been used 
previously in SHG studies to demonstrate that relative 
to Tg the temperature dependence of the rotational 
reorientation dynamics of Disperse Red 1 are identical 

niques.23,42,43 
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in PiBMA and PEMA but different in polystyrene above 
Tg.7 Several important points are evident from the 
excellent overlap of data in Figure 4. First, relative to 
Tg the temperature dependence of the reorientation 
dynamics of a TC1 dopant is similar in PiBMA and 
PEMA. Second, the reorientation dynamics of Disperse 
Red 1 and TC1 are also similar in PiBMA. Finally, 
relative to Tg, the average reorientation relaxation time 
is only slightly affected by covalent attachment of 
Disperse Red 1 and TC1 to PiBMA. It is important to 
add that covalent attachment of the probe to the 
polymer backbone narrows the distribution of the 
relaxation spectrum by removing the shorter time 
components. However, because the short time contribu- 
tions are small compared to the overall distribution, (t) 
is altered relatively little.45 Given that previous work6 
has established the strong coupling of the reorientation 
dynamics of Disperse Red 1 to the a-relaxation dynam- 
ics of PiBMA and PEMA, the same conclusion must be 
drawn for the TC1 probe in PiBMA (free probe and 
attached) and in PEMA. 

The relationship between the polymer a-relaxation 
dynamics and the TC1 probe reorientation dynamics is 
further reinforced by the excellent fit of the rubbery- 
state PiBMA and PEMA data to the WLF equationZ7: 

with C1 = 11 K and CZ = 49 K for PiBMA and nearly 
identical values being obtained (C1= 13 K and CZ = 51 
K) for PEMA, in reasonably good agreement with 
literature values of the WLF parameters for methacry- 
late-based  polymer^.^^^^^^^^ (Similar values were ob- 
tained for Disperse Red 1 in PiBMA and PEMA. See 
Table 2.) The facts that (t) is -100 s at Tg and that 
below Tg the reorientation dynamics exhibit a weaker 
temperature dependence (which can be described by an 
apparent Arrhenius-type behavior over the limited 
temperatures below Tg) are also signatures of a-relax- 
ation dynamics in amorphous polymers and low molec- 
ular weight glass  former^.^^,^^ 

It is noteworthy that besides excellent agreement in 
(t) values, doped TC1 and Disperse Red 1 probes exhibit 
excellent agreement in pw values determined from plots 
such as those in Figure 3. Below Tg, pw is -0.25 and 
independent of temperature (for the limited tempera- 
ture range tested) for both probes. Above Tg, pw 
increases with increasing temperature, with values of 
-0.40 being achieved a t  20 “C above Tg, indicating that 
at  temperatures slightly above Tg the a-relaxation 
dynamics of these polymers do not exhibit thermorheo- 
logical simplicity; Le., the breadth of the distribution of 
a-relaxation times is not temperature independent. This 
similarity in reorientation relaxation features of the two 
probes illustrates that if the probe reorientation is fully 
coupled to the polymer a-relaxation (due to  the signifi- 
cant size of the probe), then moderate differences in size 
or shape of the probe (as in TC1 or Disperse Red 1) may 
not significantly alter (t) or the distribution of reorien- 
tation relaxation times of the probe. (However, when 
the probe becomes sufficiently small, even rather subtle 
changes in probe structure can result in at least a 
partial decoupling of its reorientation dynamics from the 
polymer cooperative segmental dynamics associated 
with the a-relaxation, with major changes in (t) and Pw 
being evident with even small changes in probe size or 
shape. Examples of such effects40 will be described fully 
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Figure 5. Normalized fluorescence emission spectra for JMN 
in (a) PiBMA and (b) PEMA excited at 410 nm and for TC1 in 
(c) PiBMA, (d) PEMA, and (e) iBMA-MATC1 copolymer 
excited a t  460 nm. 

in the near future.47 Additionally, very large SHG 
probes may show a narrower distribution of relaxation 
times than TC1 or Disperse Red 1 in polymers near 
Tg.48) 

B. Fluorescence Studies. In section A it was 
established by SHG measurements that the rotational 
reorientation dynamics of the TC1 probe are strongly 
coupled to the polymer a-relaxation dynamics in rub- 
bery and glassy PiBMA and PEMA near Tg. It now 
becomes important to determine the validity of Loutfy’s 
suggestion18 that the temperature dependence of the 
rotational (andor isomerization) motions (illustrated in 
Figure 1) associated with the nonradiative decay path- 
way from the excited state of the rotor probes may be 
described by the WLF equation, implying that they are 
also coupled to  the a-relaxation dynamics. 

In order to test fully this suggestion, two rotor probes 
molecularly dispersed in polymer were studied. As 
Loutfy used dicanovinyl-based rotor probes exclu- 
sively,l8Jg the probe JMN (see Figure 1) was tested. In 
order to  draw comparisons with SHG studies described 
in section A, the tricyanovinyl-based probe TC1 was 
studied, both molecularly dispersed in and covalently 
attached to the polymer. Figure 5 illustrates the 
fluorescence spectra of the rotor probes JMN and TC1 
molecularly dispersed in PiBMA and of the TC1 chro- 
mophore covalently attached to the iBMA-based copoly- 
mer. The factor of 13 increase in quantum yield, @f, 

upon attachment of TC1 to the polymer (see Table 1 for 
quantum yields at 25 “C) may be attributed to the fact 
that the dialkylamino-based electron-donor group loses 
mobility upon attachment to the polymer, resulting in 
a significant reduction in the contribution to  the “rotor” 
nature of the probe and, therefore, an increase in 
quantum yield. This explanation is further supported 
by the fact that the JMN probe, which has the smaller 
dicyanovinyl electron-acceptor moiety in place of the 
tricyanovinyl moiety found in TC1, also has a higher 
@f than doped TC1. (If the only difference in structure 
were the dicyanovinyl and tricyanovinyl groups, the 
dicyanovinyl-based probe would have a lower Of based 
on the smaller size and therefore lower resistance to 
rotation during the excited-state lifetime of the pr~be.~g@J) 
The higher @fin JMN is due to the total immobilization 
of its electron-donor moiety by covalent linkage to  the 
aromatic ring. (See Figure 1 for a comparison of TC1 
and JMN structures.) 

The temperature dependence of probe fluorescence 
spectra can be used to determine the temperature 
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Figure 6. Temperature dependence of the fluorescence 
intensity normalized with respect to the fluorescence intensity 
at Tg as a function of the reduced variable TdT for (A) JMN 
in PiBMA, (0) TC1 in PiBMA, and ( x )  iBMA-MATC1 copoly- 
mer. Curves correspond to fits to eq 5 at T 2 Tg; for 
parameters, see Table 2. 

dependence of the orientational relaxation time, t o r ,  for 
the internal (nonradiative decay-related) rotation of the 
rotor on the probe. In particular, Tor can be related to  
@f byla 

(6) 

where Q0 is the limiting fluorescence quantum yield at 
minimum free volume, which Loutfy and 
indicated may be taken as 1, and tr is the intrinsic 
radiative lifetime of the excited state. From eq 6 and 
the fact that IdT)/IdTref) = @dT)/@dTref), the relative 
temperature dependence of ror can be determined using 
measures of the fluorescence intensity and quantum 
yield: 

where If represents the fluorescence intensity at  a given 
wavelength. (For an extremely small @f, as is the case 
for the systems studied here, eq 7 reduces to IdTY 
IdTref).) The ability to measure this relative tempera- 
ture dependence with steady-state fluorescence intensi- 
ties instead of excited-state lifetimes is important as the 
lifetimes of the rotor probes are often very short18b and 
difficult to measure accurately with conventional fluo- 
rescence decay measurements, where available, for 
lifetime characterization. 

The relative temperature dependencies of tor for JMN 
and TC1 (probe and covalently attached) in PiBMA and 
PEMA are given in Figures 6 and 7. (These data are 
plotted in a format similar to that used in Figure 4 for 
(t) values determined from SHG measurements). One 
noteworthy feature of the data is the substantially 
smaller temperature dependence of the tor data for the 
JMN probe relative to the TC1 probe. That different 
rotor probes provide different sensitivity as a function 
of temperature may be expected from Loutfy's picture 
of the probe sensitivity to free volume in the polymer.51 
Loutfyla indicated that the rotation-dependent nonra- 
diative decay rate, knr, is related to the medium free- 

- I  
0.8 0.85 0.9  0.95 1 1.05 1 . 1  1.15 

TP 
Figure 7. Temperature dependence of the fluorescence 
intensity normalized with respect to  fluorescence intensity at 
Tg as a function of the reduced variable TJT for (v) JMN in 
PEMA and (0) TC1 in PEMA. Curves correspond to fits to eq 
5 at T >. Tg; for parameters, see Table 2. 

volume fraction, f ,  and the occupied volume fraction, f o ,  
according to 

where k:r is the free rotor reorientation rate (es- 
sentially that would be found in a vacuum and inde- 
pendent of temperature). Furthermore, Loutfy stated 
that "x is a constant for the particular probe".18b The 
nonradiative decay rate is related to fluorescence quan- 
tum yield by 

(9) 

where kr  is the radiative decay rate (also independent 
of t e m p e r a t ~ r e ~ ~ ) .  Combining eqs 8 and 9 yields 

In the limit of small @f, this reduces to 

Qf = kr  expff) 

k n r  
(11) 

This is analogous in form to Doolittle's expression53 
relating the temperature dependence of the viscosity of 
paraffinic molecules to free volume, the temperature 
dependence of which is related to thermal expansion. 
(The WLF equation may be derived using Doolittle's 
expression as a starting p ~ i n t . ~ ~ , ~ ~ )  

A second noteworthy feature of the data in Figures 6 
and 7 is the much smaller temperature dependence, 
especially above Tg, of the fluorescence-related orien- 
tational relaxation time, tor, as compared with that of 
the SHG-related average reorientation relaxation time, 
(t), given in Figure 4. This difference is made clear in 
Figure 8 by comparing the relative temperature depen- 
dence of Tor and (t) for TC1. While the ror data above 
Tg in Figures 6 and 7 may be fit to a WLF-type equation 
for all chromophorelpolymer systems studied here, the 
values of the WLF parameters obtained from such fits 
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Figure 8. Relative reorientational relaxation times associated 
with the different motions of TC1 observed in SHG measure- 
ments for (0) PiBMA and (0) PEMA as compared to fluores- 
cence measurements for (a) PiBMA and (v) PEMA. 

are far outside the range expected for systems exhibiting 
behavior coupled to the polymer a-relaxation. Table 2 
compares values of C1 and C2 obtained from fitting eq 
5 to SHG and fluorescence data for T > Tg given in 
Figures 4, 6, and 7 as well as from the research 
literature for neat PEMA. (Typical WLF parameters 
describing the temperature dependence of a-relaxation 
processes in simple, linear, carbon backbone polymers 
range from approximately 10 to 20 K for C1 and 40 to 
100 K for C2 when Tg is used as the reference temper- 
a t ~ r e . ~ ~ )  In particular, the exceedingly small values of 
the C1 parameters obtained in all the fluorescence 
experiments, roughly 5-20% of the values obtained 
either from the SHG measurements or from the litera- 
ture for the a-relaxation process in PEMA,24 effectively 
preclude substantial coupling of the nonradiative decay 
rotational motions of the fluorescence probes to the 
a-relaxation process. (It should be noted that a slightly 
different temperature dependence is observed for the 
labeled TC1 system as compared to the free TC1 case.) 

While it is clear from the available data that the 
nonradiative rotational decay processes for TC 1 and 
JMN are not fully coupled to the a-relaxation in PEMA 
and PiBMA, there are several possible interpretations 
available for explaining the temperature dependence of 
ror. One approach considers that only a fraction of the 
chromophores exhibits coupling to the a-relaxation 
process, with that fraction represented by the parameter 
x in eq 10 or by another parameter E (employed in an 
earlier study by Ehlich and S i l l e ~ c u , ~ ~  who investigated 
the coupling of the translational diffusion of probes to 
polymer relaxation), related directly to x .  A value of x 
= 1 may be interpreted as indicating complete coupling 
of the probe motions to the a-relaxation processes in the 
polymer while a value of x = 0 may be interpreted as 
indicating no coupling. 

Assuming the validity of eq 10, ro,(T) may be given 
by 

Over a limited temperature range in the rubbery state, 
the free volume fraction in a polymer (assumed sensitive 
to a-relaxation processes) varies linearly with temper- 
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ature according to 

f = fg + g(T - Tg)  (13) 

where fg is the fractional free volume at  Tg and af is 
the difference in thermal expansion coefficients above 
and below Tg. From the research l i t e r a t ~ r e , ~ ~  fg = 0.028 
and af = 3.1 x K-’ for PEMA. Similar data were 
not available for PiBMA, for simplicity, it was assumed 
that fg and af were identical to those for PEMA. Using 
these values in combination with eqs 12 and 13, the data 
in Figures 6 and 7 were fit to  yield values of x ,  listed in 
Table 2. (This type of analysis was also performed by 
Loutfy and ArnoldlBb on fluorescence data for JMN in 
highly viscous liquids in a study in which x was 
determined by freely fitting the temperature data to an 
expression similar to eq 12.) 

The values of x ranging from 0.056 to 0.11, depending 
on the probe/polymer system, suggest that at most there 
is little coupling of the probe nonradiative decay motions 
to the a-relaxation process. The smaller values of x for 
the JMN probe as compared t o  the TC1 probe in both 
PiBMA and PEMA may be related to the additional 
rotational motion of the dialkylamino group in the TC1 
probe as well as the fact that rotation of the electron- 
acceptor moiety on TC1 involves three cyano groups 
instead of only two cyano groups as in JMN. The 
motion of larger moieties may be expected to exhibit 
greater coupling to the cooperative segmental relax- 
ations in polymers such as the a-relaxation process. In 
addition, the smaller values of x in the iBMA-MATC1 
system as compared to the free TC1 probe in PiBMA 
may be attributed to the covalent attachment of the 
dialkylamino group to the polymer backbone, creating 
hindrance to  rotation analogous to the complete ‘‘tying 
down” of the amino group in JMN. As is evident, the 
temperature dependence of the fluorescence of the free 
JMN and covalently attached TC1 nearly overlap. 

Ehlich and Sille~cu,~ analyzed the extent of coupling 
of the probe translational diffusion to the cooperative 
polymer segmental motions associated with the a-re- 
laxation process using a coupling parameter, (, where 
0 5 5 5 1, with a value of 0 signifying no coupling and 
a value of 1 corresponding to complete coupling. Rather 
than allowing the WLF parameters C1 and CZ to be 
freely fitted to the experimental diffusion data, they 
used values of C1 and C2 representative of the polymer 
the a-relaxation dynamics (taken from dynamic me- 
chanical analysis) and fit the data to the modified WLF 
equation below: 

where D is the probe translational diffusion coefficient. 
Here, the same approach is used except the temperature 
dependence is analyzed in terms of ror: 

By fitting the data in Figures 6 and 7 to eq 15 and 
using C1 = 15 K and CZ = 90 K,24 values of 5 were 
determined to be small for all polymer systems, ranging 
from 0.058 to 0.11.54 (See Table 2.) These very small 
values also suggest that at  most there is little coupling 
of the rotational motions of rotor probe donor and/or 
acceptor groups to the polymer a-relaxation. (In con- 
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Table 2. WLF Parameters and Values of x, 6, and Apparent Activation Energy, Eaa 
polymer technique probe c1 Cz (K) X 6 E, (kcal/mol) 

PiBMA 
PiBMA 
PEMA 
PEMA 
iBMA-MATClb 
PiBMA 
PEMA 
iBMA-MATC lb 
PiBMA 
PEMA 
PEMA' 
PEMAC 

fluorescence 
fluorescence 
fluorescence 
fluorescence 
fluorescence 
SHG 
SHG 
SHG 
SHG40 
SHG40 
DMA46 
DMAZ4 

JMN 
TC 1 
JMN 
TC 1 
TC lb 
TC 1 
TC 1 
TClb 
DR1 
DR1 

0.68 
2.4 
0.75 
2.5 
1.6 

11 
13 
12 
12 
13 
17.6 
15 

53 
176 
68 

165 
207 
48 
51 
53 
45 
51 
65.5 
90 

0.059 0.061 3.3 
0.095 0.098 5.8 
0.056 0.058 3.3 
0.11 0.11 6.9 
0.057 0.059 3.7 

" C1 and CZ parameters were obtained from fitting fluorescence data to the WLF equation (T  2 I",) with respect to a reference temperature 
at  Tg. Values for x and 6 were determined by fitting fluorescence data to eqs 12 and 15. Included as a comparison are C1 and CZ for the 
same polymers as determined by second harmonic generation (SHG) measurements using the Disperse Red 1 probe and dynamic mechanical 
analysis (DMA), where available. E,  was determined from an Arrhenius fit for T > Tg. TC1 covalently attached. Neat PEMA. 

trast, for the probe translational diffusion studied by 
Ehlich and Sillescu, typical values of 5 ranged from 0.50 
to  0.84, depending on the probe and polymer, suggesting 
not necessarily complete but certainly substantial cou- 
pling of translational motion to the polymer a-relax- 
a t i ~ n . ~ ~ )  

As with the interpretation based on x values, the 6 
values determined from eq 15 are clearly larger for TC1 
than JMN, presumably due to the larger size of the 
nonradiative decay motions in the former. Similar to 
the interpretation based on the x values, the TC1- 
labeled copolymer yielded 6 values nearly identical to 
those of JMN rather than the free probe TC1, presum- 
ably due to the very similar temperature dependence 
of the fluorescence of JMN and the covalently attached 
TC 1. Furthermore, the similar values of E as compared 
to  x using eqs 12 and 15 suggest that both methods are 
equivalent. This can be easily shown by recalling 
Doolittle's expression for viscosity, 11,  in terms of free 
volume:j3 

where A and B are constants. A comparison of eqs 11, 
12, 15, and 16 reveals that x = EB, and B is usually 
assigned a value of l.46 Hence, Loutfy's probe-depend- 
ent parameter, x ,  can be similarly viewed as a coupling 
parameter. 

We note that the ability to fit experimental probe or 
label relaxation data to a WLF equation, or equivalently 
a Vogel-Tamman-Fulcher equation, without regard to 
the values of the parameters determined from the fit, 
has sometimes been mi~ in te rp re t ed~~  in the SHG lit- 
erature as indicating coupling to the cooperative seg- 
mental motions associated with the polymer a-relax- 
ation. Reports of success modeling SHG data by the 
WLF equation with anomalous C1 and C2 values, such 
as C1 = 2.35 K and C2 = 17.02 K (for Tref = Tg) cited in 
ref 55,  instead indicate that, based on interpretations 
employing either x or E values, a t  most there is little 
coupling of SHG dynamics to the polymer a-relaxation. 
It should also be noted that over a small enough 
temperature range (530 "C) a purely Arrhenius set of 
data may be fit with reasonable statistics to a WLF- 
type equation. Consequently, merely fitting relaxation 
data to a WLF-type equation is not sufficient t o  claim 
substantial coupling to polymer a-relaxation dynamics. 
Instead, other characteristics, including the values of 
the WLF parameters obtained from such a fit, the time 
scales associated with the relaxation, and the change 
to a weaker temperature dependence below Tg (assum- 

ing absence of or negligible physical aging in the sample 
near Tg) must also be carefully considered before draw- 
ing conclusions about coupling to  cooperative segmental 
motion in polymers. 

A final possible interpretation of the x and 6 values 
listed in Table 2 is that the nonradiative decay rotations 
of moieties on the probes are related to sub-a-relax- 
ations, which may include /3-relaxations (in PEMA this 
has been interpreted as involving a 180" flip of the 
carboxyl group coupled to  a rocking motion of the local 
chain axis56) as well as smaller scale y-relaxations. In 
the discussion above regarding determination of x or 6 
values, the coupling of probe motions to polymer relax- 
ations was considered without regard to  the time scales 
involved in the nonradiative decay motions of the 
probes. The nonradiative lifetime, or the time required 
for the charge transfer acceptor andor donor to  rotate 
on the chromophore, is on the order of n a n o s e c o n d ~ ~ ~ , ~ ~  
for both JMN and TC1. The fact that at  Tg the average 
time scales of the cooperative segmental motions in 
PiBMA and PEMA are on the order of 100 s argues 
against the coupling of the probe motions to  the a-re- 
laxation. 

In the case of the /3-relaxation in PEMA, the charac- 
teristic relaxation time near Tg is on the order of 
 millisecond^^^,^^ with an apparent activation energy 
of -20 kcaymol near Tg. Although no characteristic 
relaxation times were found in the research literature 
for y-relaxations in PiBMA or PEMA, for other poly- 
(alkyl methacrylates) such as methyl, n-propyl, and 
n-butyl, time scales of the y-relaxation near Tg are 
several orders of magnitude faster than those of the 
p - r e l a ~ a t i o n . ~ ~ , ~ ~  Given that the nonradiative rotational 
motion of moieties on the rotor probes occurs on the time 
scales of nanoseconds, and the apparent activation 
energies for free or labeled chromophore fluorescence 
(see Figures 6 and 7) are approximately 3-7 kcal/mo160 
for T 1. Tg, it appears that exclusive coupling of the rotor 
probe motion to the @-relaxation is ruled out as well. 
Instead, it is likely that the nonradiative rotational 
motions of the probe molecules are coupled to at  most a 
combination of y-  and @-relaxations and that free 
rotation, independent of any coupling to the polymer 
matrix, may be present for a fraction of the chro- 
mophores. Further studies, especially with regard to 
the temperature dependence of the fluorescence life- 
times in these systems, will be needed to  provide 
definite descriptions of coupling between the probe and 
polymer dynamics. 
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Conclusions 
The rotational reorientation of the molecular probe 

TC1 characterized by SHG is substantially coupled to 
the a-relaxation in PiBMA and PEMA. This is apparent 
from the values of the average rotational reorientation 
relaxation time, (T), at Tg, the weaker temperature 
dependence of (t) below Tg as compared to above Tg, and 
the nearly identical temperature dependence of (t) for 
TC1 and Disperse Red 1, the latter probe having been 
previously shown6 to have its SHG reorientation dy- 
namics coupled t o  the a-relaxation in these polymers. 
In contrast, using the approaches employed previously 
by Loutfy18 and Ehlich and S i l l e ~ c u ~ ~  for analyzing the 
temperature dependence of probe dynamics, the rotor 
motions of TC1 and JMN, as characterized by fluores- 
cence measurements, were shown to be largely de- 
coupled from the polymer a-relaxation. Furthermore, 
fluorescence time scales and apparent activation energy 
arguments suggest that the rotor motions may be 
substantially associated with sub-@relaxation processes. 
Consequently, while the WLF equation, describing the 
rubbery-state temperature dependence of cooperative 
segmental motions in polymers, is an appropriate means 
of modeling the temperature dependence of rotational 
reorientation of sufficiently large probes such as TC1, 
it is inappropriate for describing the rotor motions of 
such probes studied by fluorescence which are, a t  a 
minimum, very significantly decoupled from a-relax- 
ations. 

While SHG and fluorescence measurements involving 
rotor probes provide sensitivity to distinct issues con- 
cerning polymer relaxation dynamics, they may both 
prove useful in discerning differences in relaxation 
behavior in thin versus ultrathin polymer films. In such 
studies, optical approaches may be expected to have a 
significant advantage over methods such as mechanical 
property characterization or differential scanning cal- 
orimetry. Such effects of film thickness on physical 
aging rates and apparent glass transition measure- 
ments have recently been studied via fluorescence;61,62 
SHG investigations will also be undertaken in order to 
draw conclusions about changes in a-relaxation dynam- 
ics as film thicknesses approach several polymer radii 
of gyration. 
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