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ABSTRACT Rotational dynamics of nonlinear optical chromophores embedded in amorphous polymer 
films were studied using second harmonic generation. Corona poling was used to orient the chromophores 
into the bulk noncentrosymmetric structure required to observe second-order nonlinearity. Electric field 
effects were examined by simultaneously measuring the second harmonic signal (during and following poling) 
and surface voltage decay (following poling). It is found that for short times the residual field following poling 
retards chromophore reorientation. A mathematical model that describes the rotational Brownian motion 
of chromophores in a polymer matrix is developed to simulate the field-dependent behavior. The electric 
field effects can therefore be deconvoluted from the Brownian motion to reveal information concerning local 
mobility in polymers. Further applications of the model in distinguishing the post-poling electric field effects 
and in computing the local free volume and viscosity are discussed. A first attempt is made to realize the 
contributions of the residual surface voltage, field-induced bulk charges, and thermally injected charges to 
the rotational motion of the chromophores. The magnitude of the local free volume and the local viscosity- 
temperature behavior in a doped poly(methy1 methacrylate) system are estimated and compared with those 
predicted by the Doolittle-Williams-Landel-Ferry equation. 

Introduction 
Over the past decade, nonlinear optical (NLO) polymers 

have been used for optical applications such as wave- 
guides,l-3 optical  modulator^,^ optical memory  tora age,^ 
and holography.- Conventionally, inorganic crystals were 
used for these applications because of their high nonlinear 
optical performance. However, long times and delicate 
controls are required to grow crystals in the large sizes 
and optimized molecular structures needed for NLO 
 device^.^ Because of the versatility, ease of fabrication, 
and high optical grade of polymers, it has been shown that 
there are excellent potentials and benefits in developing 
nonlinear optical polymers.'0-12 

To obtain second-order NLO properties in a polymer 
system, suitable nonlinear dipolar chromophores must be 
doped into or functionalized onto the polymer. Electric 
field poling of the material is applied to achieve the bulk 
noncentrosymmetric ordering of the chromophores re- 
quired for observing second-order nonlinear optical 
effects.13-16 The magnitude of the second-order nonlin- 
earity of a poled polymer, therefore, indicates the degree 
of the chromophore orientational order and can be utilized 
as a measurement for the local mobility and microscopic 
properties of the polymer ~ y s t e m . l ~ - ~ ~  

Second harmonic generation (SHG), a second-order 
NLO process, is used to detect the small degrees of 
chromophore rotational motion in  polymer^.'^,^^*^^ Poling- 
induced chromophore orientation occurs in regions of 
sufficient local free volume and segmental mobility. The 
reorientation of the chromophores following poling un- 
dergoes rotational Brownian motion and is affected by 
the mobility of the polymer chains and the local free volume 
present in the vicinity of the chromophores. In this work, 
chromophore orientation is examined using SHG over a 
wide range of time and temperature, which vary the local 
mobility of polymers. With this technique, important 
information such as the temporal and thermal dependences 
of chromophore rotational diffusion, local free volume, 
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and other properties of polymer microenvironment sur- 
rounding the chromophores can be realized. 

Corona poling is used to supply the external electric 
field because of its frequent application in the optical area 
and its efficiency in creating a great electric field. However, 
the complicated electric field effects in corona-poled 
polymers are poorly understood. In this study, the electric 
field effects following poling are examined by in-situ 
surface voltage measurements. The surface voltage in- 
dicates that an electric field still persists in the poled 
polymer even though the poling process is terminated. 
The reorientation of the chromophores is therefore de- 
pendent upon not only the local mobility of the polymer 
matrix but also the residual electric field following corona 
poling.25 

In this work, a dynamic model is developed to describe 
the rotational Brownian motion of chromophores affected 
by the electric field and the local mobility of a polymer 
matrix during and following poling. It assumes that the 
chromophores can only rotate within a limited space (a 
cone) because of the highly reduced mobility of polymer 
chains in the glass state. No rotational diffusion of the 
chromophores is allowed to occur at the boundary of the 

Since the reorientation of chromophores is more 
retarded if the cone size is smaller, the volume of the cone, 
as well as the wedge angle, can then be considered as an 
index of the local free volume (or local mobility) in a 
polymer system. 

The electric field effect is quantified by calculating the 
dipole-field interaction in a uniform electric field for a 
first-order approximation. It is shown that the rotational 
diffusion coefficient following corona poling is about 2 
orders of magnitude less than that during poling if the 
post-poling surface voltage effect is not deconvoluted from 
the rotational Brownian motion of the chromophores. The 
distinguishing of the electric field effect from the rotational 
Brownian motion has shown success in simulating the 
second-order NLO relaxation behavior and predicting the 
local free volume and viscosity of the polymer. 

The rotational dynamic model is presented in the next 
section. In the experimental part, the second harmonic 
generation and surface voltage measurements are il- 
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molecule is allowed to rotate within a cone with a maximum 
polar angle BO (Figure 1) and no diffusion can occur at the 
boundary of the cone.26’27 

Diffusion Equation. The rotational diffusion equation 
for a one-dimensional dipolar chromophore in an electric 
field is given b ~ ~ 5 a 3 - 3 ~  

Z 
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Y 

Figure 1. Diagram showing the wobbling of a chromophore 
within a cone with a wedge angle 80. The X Y Z  axes refer to  the 
macroscopic coordinates with the Z axis parallel to the field- 
induced polar axis. The xyz axes are defined on the molecular 
frame with the z axis parallel to the dipole vector for the 
chromophore. 

lustrated. The experimental results and the calculated 
data are discussed. A comparison between the x ( ~ )  
relaxation and the surface voltage decay shows that the 
three governing factors dominate at different tempera- 
tures. The difference between the field-deconvoluted 
rotational diffusion coefficients during and following poling 
implies that there are other electric field effects involved. 
The local free volume and viscosity in 44dimethylamino)- 
4’-nitrostilbene-doped poly(methy1 methacrylate) films are 
estimated and compared with those predicted by the 
traditional free volume model. 

Theory 
The study of chromophore orientation in a doped 

polymer film using SHG is important because it gives 
information about local polymer dynamics at  the micro- 
scopic level, which is difficult to obtain by traditional 
methods such as specific volume or viscoelasticity 
meas~rements.~@--3~ Three major factors that affect the 
rotation of chromophores are considered: the rotational 
Brownian motion, the electric field effects, and the 
restriction from the polymer host. 

Rotational Motion of NLO Chromophores in a 
Polymer Host. Consider a one-dimensional dipolar 
chromophore with the orientation of its dipole moment at  
coordinates (e,@), where B is the polar angle between the 
laboratory Z axis and the dipole vector and 4 is the 
azimuthal angle (Figure 1). The Z axis is chosen as the 
poling-induced polar axis, which is essentially an infinite- 
fold rotationalaxis with an infinite number of mirror planes 
(mmm or C - J .  Because of the C,, symmetry of the Zaxis, 
the orientational distribution of the chromophore is 
independent of 4 and only the &dependence is considered. 

When an external electric field is applied across a doped 
polymer film, it exerts on the chromophore a torque, which 
forces the chromophore to orient along the field direction 
and results in a convectional diffusion of the chromophore. 
When the field is removed, reorientation of the chro- 
mophore occurs via rotational Brownian motion. However, 
not all the chromophores in the polymer matrix are allowed 
to rotate, especially when the temperature is well below 
the glass transition temperature Tg of the polymer system. 
Because the rotational mobility of the chromophores is 
mainly limited by the barrier system imposed by the 
polymer matrix, only those chromophores located in 
regions of sufficient local free volume (or local low density) 
have the greatest freedom to rotate. The rotational motion 
is confined in a range of polar angles if the size of the local 
free volume, as compared with that of the chromophore, 
is not large enough for the rotational diffusion to take 
place over all the angles. It is therefore assumed that the 

p(3bx2 + 2ax - b) (1) 
where p is the probability density of finding a chromophore 
at  a polar angle 0 at time t. B is the angle between the 
dipole moment and the field-induced polar axis (Z axis). 
Because of the C,, symmetry of the 2 axis, no 4-depen- 
dence of the probability density is considered in eq 1. In 
eq 1, the angle and the time dependences of the probability 
density are written in terms of x and r ,  respectively. The 
parameters x and T are defined as 

x cos 8 (2a) 

and 

T SotD dt (2b) 

where D is the rotational diffusion coefficient. The 
parameters a and b in eq 1 indicate the efficiency of the 
poling field in orienting the chromophore: 

a = pEik,T (3a) 

and 

where p is the permanent dipole moment and v(g: - g:) is 
the polarization anisotropy of the c h r o m o p h ~ r e . ~ ~ f & ~ ~  E 
is the strength of the poling field and ksT is the Boltzmann 
energy. 

Definition of Initial Condition. (i) During Poling: 
Before any external electric field is applied across a fresh 
doped polymer system, the chromophores have a macro- 
scopic centrosymmetric structure in the polymer host; i.e., 
the orientational distribution of the chromophores is 
random. The probability density of finding a molecule at  
any orientation is therefore iden t i~a l :~  

I.C.: P ~ ( x ) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  = l i 2  (4) 

(ii) Following Poling: In the work of Warchol and 
VaughanZ6 and that of Wang and P e c ~ r a , ~ ~  a delta function 
is used as the initial orientational distribution of dipoles 
following poling. The delta function gives the ideal 
situation of the distribution but it is seldom the case in 
a poled polymer system. There will be a broader orien- 
tational distribution of the chromophores when the poling 
is terminated. Instead of the delta function, the calculated 
orientational distribution at  the end of poling is chosen 
as the initial condition for the probability density following 
poling 

- 
Pi(X)following poling = P(XjT=Toff)during poling ( 5 )  

where Teff is the time when the applied field is removed. 
Determination of Boundary Conditions. Because 

of the restriction of the polymer matrix, the chromophores 
can only rotate within a cone with a wedge angle BO. If the 
major contribution to the x ( ~ )  signal, the second-order 
nonlinear susceptibility, comes from the orientational 
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order of the chromophores confined in the cones whose 
cone axes are along the Z-direction, then only the rotational 
motion occurring in the range of 0 C 0 < 00 (or X O  < x C 
1, where xo = cos Bo) is considered. Because the range of 
0 possesses the point 0 = 0 (or x = 11, which is a regular 
singular point of eq 1, it is necessary that the probability 
density be finite at this point. Therefore, the first 
boundary condition is 

B.C.1.: p(B=O,t) = p ( x = l , ~ )  is finite (6) 

The cone model assumes that the probability can only 
vary within the maximum polar angle BO, and no more 
change of probability can be observed outside 00; therefore 
the second boundary condition is given by 

Equation 7 states that the probability density flux at 00 
is zero, implying that there is no diffusion through the 
boundary of the cone. 

Because the changes of the cone size and orientation 
involve the motion of polymer chains, which is much slower 
than that of chromophores, the wedge angle and the 
orientation of a cone are assumed as constant, especially 
on a short time scale for a first-order approximation. The 
value of 60 in this model should be considered as a 
characteristic average value which represents a specific 
distribution of the cone size in the polymer system. 

Solution of the Diffusion Equation. The rotational 
diffusion equation, eq 1, permits the separation of the 
time and space variables and can be solved to give an 
orientational distribution with the form 

where 

which is a Frobenius ~er ies .3~ The Frobenius series is used 
to confirm that the space function, Y n ( X ) ,  is finite a t  B.C.1. 
The coefficient f k  can be determined from the recurrence 
relation which makes Yn(x) satisfy the eigenvalue problem 
of eq 1: 

f k  = 
-1 --([A, - k(k + 2a - 2b - l ) l fk- l  + (a - 3b)kfk-, + bkfk-J; 
2k2 

( fo = 1, f-l = f-z = 0, k = 0, 1, 2, 3 ,...) (10) 

An is the nth eigenvalue. According to B.C.2, the space 
function Yn(x) satisfies the boundary condition 

yl*=xo = 0 

Substituting eq 9 into eq 11, the value of An can be 
determined by solving 

m 

kfk(A,;a,b)( l  - xo)k-l = 0 (12) 

A ,  in eq 8 is the nth pre-exponential factor which can 
be computed a t  the initial condition. Because the solutions 
of the differential equation, eq 1, become an orthogonal 

k=l 
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Figure 2. Chemical structure of 4-(dimethylamino)-4'-nitro- 
stilbene (DANS). 

system when eq 1 is multiplied by a weighting function 
[ ( x ) ,  A n  can then be calculated by40341 

where 

Once the initial condition is defined, the probability 
density at each point x (or 0) can then be numerically 
calculated on the 4 m e  scale. To plot the probability 
density on a real time scale, the temporal dependence of 
the rotational diffusion coefficient, D, must be known. 

The x(,) value of the guest-host polymer system can be 
calculated by 

xgiz = NfZw fZw fz(24  P~,,(cos~ 6) = 

N f Z ( o )  fz(w) fZ(2w) p , 2 2 ~ 0 8 0 ~ ~ ~ 3  0 p(0,t;a,b,O0,D) sin 0 dB 
(15) 

where f is the local field factor, which is a function of the 
frequency of the optical field, w. N is the number of doped 
NLO chromophores which are allowed to rotate. &, is 
the second-order polarizability of the chromophore.9J4 

From eq 15, it can be seen that the value of x ( ~ )  is 
dependent on the parameters a, b, 00, and D. The 
parameters a and b represent the electric field effect on 
the orientation of the chromophores. The wedge angle, 
60, is an index of the polymer restriction. The rotational 
diffusion coefficient, D, indicates the relaxation rate 
through rotational Brownian motion. It will be shown 
that only the parameter D is allowed to be adjustable in 
this model, and the values of other parameters can be 
determined from experimental data. Therefore, this model 
gives an easy but strict method in simulation using only 
one variable. This strictness makes this model capable of 
predicting local molecular relaxation behavior and sepa- 
rating each individual contribution of electric field effects, 
polymer restriction, and Brownian motion to the x(,) 
property. 

Experimental Techniques 

Sample Preparation and Characterization. Guest-host 
polymer systems were chosen as the first type of polymer systems 
for examining the rotational dynamic model. The host polymer 
was poly(methy1 methacrylate) (PMMA) (Polysciences, Inc.) with 
a molecular weight of 75 000. The chromophore, 4-(dimethyl- 
amino)-4'-nitrostilbene (DANS) (Kodak) was used as received. 
The structure of DANS is shown in Figure 2. The relatively 
rigid, rodlike shape and high ,!? value make DANS a good probe 
for sensing the local mobility of the polymer system. 

PMMA doped with 4 wt % DANS was prepared by dissolving 
10 wt % of solid in spectroscopic grade chloroform. The polymer 
solution was mixed well and filtered through a 5-rm filter. The 
solution was then spin coated onto indium tin oxide (ITO) coated 
glass slides to form uniform thin polymer films. 

The films were dried carefully under identical conditions to 
remove as much solvent as possible. Ultraviolet and visible (UV- 
vis) spectroscopy (Perkin-Elmer) was used to  identify the 
absorption range of the polymer films. The spectrum of PMMA 
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1 h. The temnerature was kent constant throuehout the entire 
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Figure 3. Diagramofsurfacevoltage measurement. Thesurface 
voltage on the polymer film is measured by the electrostatic 
voltmeter (ESVM) probe following corona poling. 
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Figure 4. Diagram of the experimental procedure. The 
temperatureis raised to the poling temperature, T,,, before poling 
and remains constant throughout the whole experiment. T., 
which indicates the temperature following poling, is equal to the 
poling temperature. The poling voltage, V,, is 2.35 kV for all 
SHG measurements. Typical x@' (during and following poling) 
and surface voltage curves (following poling) are also shown in 
the diagram. 

doped with DANS shows absorption peaks at 430 and 300 nm, 
respectively. The glass transition temperature of PMMA doped 
with 4 wt 7% DANS was measured by differential scanning 
calorimetry (DSC) (10 "C/min) to he approximately 88 "C. The 
thickness of the polymer films measured using profilometry 
(Tencor Instrument, Alpha-Step 200) was about 3.8 rm. 

Instrumentation. A p-polarized coherent light with a 
wavelength of 1064 nm was generated by a Q-switched NdYAG 
laser (Continuum NY61-10, pulse width = 7 ns, intensity < 2 
mJ/pulse, 10 Hz). The laser beam was split into two beams so 
that thesample and the2-methyl-4-nitroaniline (MNA) referenbe 
were measured simultaneously. The reference was used to 
monitor the laser power, and the second harmonic intensity from 
the reference was used in calculating the relative ~ ( ~ 1  values of 
the sample. The incident angle was fixed at 67" (measured from 
the normal vector of the sample surface to the incident heam) 
for all measurements BO that comparisons could he made among 
different samples. The transmitted beam was filtered with a 
monochromator so that only the second harmonic signal at 532 
nm was detected by a photomultiplier. The signal was triggered 
and averaged by an integrated boxcar analyzer andthen digitized 
and collected by a Sun IPC workstation. 

Thedcelectric field across thesample wasgenerated hy corona 
poling.'z An insulated tungsten needle was mounted perpen- 
dicular to the film surface with an air gap of about 1 em. The 
poling process was performed in a closed environment under a 
dry nitrogen atmosphere. 

The in-situ surface voltagefollowingpolingwas measuredwith 
anelectrostaticvoltmeter (ESVM). The ESVM prohewasplaced 
in front of the sample surface with an air gap of about 3 mm 
(Figure3). The detected voltagewas digitized by anelectrometer 
and collected hy the Sun workstation. 

Procedure. Figure 4 shows a diagram of the experimental 
procedure. Before poling,a freshsamplewasheated tothe poling 
temperature, T.. The temperature was maintained at Tp over 

I 

experiment. 
At  time zero, the laser was turned on. The transmitted light 

was collected to obtain a baseline for the second harmonic 
intensity. After  3Cil s, an external dc electric field was applied 
across the sample using corona puling. The poling voltage, V,. 
was kept constant during poling. The coruna current was 
maintained at less than 1 rrA. The poling process was allowed 
to continue for 20 min to obtain the equilibrium signal. The 
ESVM prube wns then placed in front of the sample surface 
immediately when 1hQpolingvoltagP wasshut down. Thesurface 
voltag~ and the second harmonic intensity weremeasured at the 
same time following poling. 

Results and  Discussion 
In this section, the experimentally ohserved xI2' signals 

and the calculated data are compared. It is found that 
the dynamic model, in which the rotational Brownian 
motion, the electrir field effects, and the polymer restric- 
tion are considered, has been successful in predicting the 
temporal dependence of the ~ $ 2 1  signal in a guest-host 
polymer system. The  residual electric field effects are 
found toincreasetheshort-termstabiIityofthex%ignal 
fur a corona-poled NLO polymer. 

Determination of Parameters. This rotational dy- 
namic model contains four parameters: a ( = p E , k H T ) ,  b 
(=u@: - ,&15"2 k ~ 7 1 , B o  (wedge angle of the cone), and D 
(rotational diffusion coefficient). The parameter a is 
obtained from surface voltage measurements. Assuming 
that the surface voltage generates a uniform electric field 
across the polymer film, the parameter a is related to the 
surface voltage by 

(16) 

where V is the surface voltage and L is the thickness of 
the film (measured by profilometry). In eq 16, the local 
dc field factor is assumed about equal to l.g 

The value of the parameter b can be calculated by 
comparing the maximum xt2) signals obtained at different 
poling temperatures. A new parameter Rb is defined as 

I21 

(2) 

X ~ = I T ~ > T ,  
x-IT.=T, 

R ,  = 

where x ~ J ~ ~ , ~  (2) and xmJTD=T, 12) are the maximum xCz) 
values measuredat the polingtemperature T,greaterthan 
Tg and that equal to Tg, respectively. Because polymer 
chains begin to  exhibit global or large-scale segmental 
motion at or above T,, i t  is assumed that the rotation of 
doped chromophores undergoes little restriction from 
polymer chains and takes place over all the possible angles 
at or above Tg43 Therefore, the wedge angle, 80, becomes 
T. Assuming that all the chromophores are allowed to 
rotate above Tg (N,  the number of active chromophores, 
is constant) and the temperature dependences of the local 
field factor f a n d  (3 are both insignificant, then according 
to eq 17 Rb can be rewritten as 

(cos3 8)Tp - s-: pdx;80=~ ,ap ,bp )x3  dx 

(COS3 8 ) ~ ~  s-1 p_(x;BO=~,a,,bg)x3 dx 
R,  = - (18) 

where p -  is the probability density at infinite T during 
poling. The  parameters a,, b, and a,, b, are parameters 
a and b at the specified poling temperature Tp and TB, 
respectively. The  diffusion coefficient,D, does not appear 
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in eq 18 because only the equilibrium situation (T  - m) 
is considered here. If the polarization anisotropy, u(gy - 
g:), of the material is constant within this temperature 
range (T,  I T I T,), then 

b, = b (")( 2) 
a, 

where E, and E, are the electric fields measured a t  T, and 
T,, respectively. Since Rb, a,, ag, E,,, and E,  can be 
determined experimentally, there is only one unknown b, 
in eq 18. Therefore, b, can be calculated by numerically 
solving eq 18. Substituting the value of b, into eq 3b, the 
magnitude of the polarization anisotropy can be estimated. 
For PMMA + 4 wt '?4 DANS, the value of v(gy - g:) is 
about 1.04 X 10-5D/(V/cm). 

The value of wedge angle, 00, is defined as A if the 
temperature is a t  or above TP The value of 80 below Tg 
can then be evaluated by the following method. If Bo is 
assumed to be only temperature dependent, the tempera- 
ture dependence of x ( ~ )  can be rewritten in terms of 00. 

Considering only the maximum x ( ~ )  to eliminate the 
undetermined diffusion coefficient, a ratio Re, is defined 
as 

:~h,Oo=A 

Substituting eq 15 into eq 21 and neglecting the tem- 
perature dependences of both the local field factors f and 
0, Re, can be expressed as 

If N ,  the number of active chromophores, is assumed to 
be proportional to the volume of the cone (more chro- 
mophores are allowed to rotate if the size of the cone is 
larger), then 

where a, and b, denote the parameters a and b when 60 
equals T. Because the values of Re,, a, and b have already 
been determined, 00 is the only unknown and can be 
calculated by solving eq 23. The value of Bo, calculated 
from eq 23, is actually the apparent wedge angle (e,) and 
is used in calculating the x ( ~ )  signals. The true wedge 
angle, used in estimating the local free volume, is related 
to (e,) and is discussed in the following section. The values 
of the parameters a, b,  and (6,) at corresponding tem- 
peratures are listed in Table 1. 

The rotational diffusion coefficient is obtained by 
changing the time scale (7) of the calculated curve to fit 
the real-time experimental data. Figure 5 shows the 
experimental and calculated growth curves during 
poling. The values of a, b,  and (0,) listed in Table 1 were 
used to obtain the calculated curves. Because the surface 
voltage generated by corona poling approaches its equi- 
librium value faster than that of the polar order of 
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Table 1. Results of the Second Harmonic Generation and 
Surface Voltage Measurements and the Values of the 

Parameters Used in Simulation. 
TD (OC) 

75 83 88 95 101 
T p  - Tg ("C) -13 -5 0 7 13 
max x ( ~ )  (10-13m/V) 9.3 9.7 10.7 7.7 7.5 
ASV'iV) 457.84 404.15 368.57 318.14 274.94 
E (lo8 V/cm) 1.21 1.07 0.97 0.84 0.73 
a 0.65 0.56 0.49 0.42 0.36 
b 1.1 0.83 0.66 0.49 0.36 
( 0 , )  44 46 180 180 180 
Dp (10-4 s-l) 3.7 1.1 7.6 42 320 
D, (10-4 s-l) 2.57 9.5 23 75 178 

Polymer film thickness = 3.79 pm (measured using profilometer); 
permanent dipole moment p of DANS = 7.6D; volume of chromophore 
(DANS) = 207 & (calculated using the van der Waals volume); length 
of chromophore (DANS) = 14.2 A (calculated); radius of the cross 
section of chromophore (DANS) = 2.15 A (calculated). 

0.2 

1 \ 101 O C ]  

c 

0.0 I I 1 I I 1 
200 400 600 800 1000 1200 0 

Time (sec.) 

Figure 5. Experimental (markers) and calculated (solid lines) 
growth curves of the PMMA + 4 w t  5% DANS system during 

corona poling (+2.35 kV, in dry nitrogen). 

chromophores,44 the parameters a and b are assumed 
constant with respect to time throughout the entire poling 
period. A constant value of (ea) is also used because the 
polymer system has been thermally treated to equilibrate 
a t  the poling temperature. The rotational diffusion 
coefficient during poling, D,, is found to be constant and 
of order 10410-2 s-l for temperatures ranging from 10 "C 
below to 10 "C above T, (Table 1). 

Figure 6 shows the experimental x ( ~ )  decay curves as 
well as the calculated ones following poling. Because the 
final temperature was the same as the poling temperature, 
the polymer matrix was a t  equilibrium if the applied 
electric field and the rotational motion of chromophores 
did not significantly perturb the configuration of the 
polymer chains. (e,) is then assumed to be constant 
following poling and has the same value as it did during 
poling. 

However, the surface voltage built up by corona poling 
does not vanish immediately when the poling process is 
terminated.45 The post-poling surface voltage decay 
results in a residual electric field, which introduces a time 
dependence of parameters a and b. This residual electric 
field is found to affect the determination of the rotational 
diffusion coefficient following poling, D,. Figure 7 shows 
the calculated x ( ~ )  decay curves with and without the 
residual electric field effect. Curve A, which represents 
the calculated x ( ~ )  decay without a residual electric field 
effect, was obtained by substituting zero values of both a 
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Figure 6. Experimental (markers) and calculated (solid lines) 
x(*) decay curves of the PMMA + 4 w t  70 DANS system following 
corona poling (+2.35 kV, in dry nitrogen). 
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Figure 7. Experimental and calculated decay curves of the 
PMMA + 4 wt % DANS system at 75 "C (13 "C below 2 ' )  
following corona poling (+2.35 kV, in dry nitrogen). Curve A: 
calculated x ( ~ )  decay curve without considering the residual 
electric field effect. Curve B: calculated x(*) decay curve 
considering the residual electric field effect. 

and b into the model. The deviation of curve A from the 
experimental data shows how greatly the residual electric 
field increases the stability of the x ( ~ )  signal. The diffusion 
coefficient D, for curve A is found to be on the order lo4 
s-1, which is 2 orders of magnitude less than D,. This 
small value of D, results from neglecting the residual 
electric field: the reorientation rate of chromophores is 
slowed down by the decreased diffusion coefficient rather 
than the residual electric field. The effect of the residual 
electric field is therefore implicitly involved in D,. 

To separate the contribution of the residual electric field 
to the chromophore reorientation, the time dependence 
of parameters a and b must be known. The in-situ surface 
voltage measurement gives 

and 

(24a) 

where V ( t )  represents the surface voltage decay curve. 
However, the solution of the rotational differential equa- 
tion, eq l, does not allow parameters a and b to vary with 
time. Separation of variables fails to give a correct solution 
if the space parameters, including a and b, are also time- 
dependent. This mathematical difficulty can be overcome 
by dividing the entire time range into several small 
intervals. If each interval is short enough that the time 
dependence of a and b is negligible, eq 8 is still suitable 
for describing the rotational motion of chromophores 
within each time interval. Repeating the calculation in 
the subsequent interval and redefining the initial condition 
as the final condition of the previous interval, the 
reorientation process can be simulated over the whole time 
span of simulation. 

There is another problem involved in separating the 
residual electric field effects. Because the surface voltage 
is measured on a real time scale, the diffusion coefficient 
D, must be known prior to the application of experimental 
data in calculation, which is on the 7 scale. The time 
dependence of the parameters a( t )  and b(t) must be 
rewritten as a(7) and b(7) to keep the time scales consistent. 
The value of D, is then determined by trial and error, and 
the numerical work iterates until a best fit is obtained. 
Curve B in Figure 7 shows the predicted result of the 
calculation, which describes the decay much better 
than curve A. Other calculated decay curves at  
different temperatures are shown in Figure 6. Values of 
D, are given in Table 1. It is found that D, is of the same 
order as D, after the remaining surface voltage effect is 
deconvoluted. However, the values are still not close within 
experimental error. The field-induced bulk charges and 
the thermally excited charge injection may cause this 
difference. 

Temperature Effect on the x ( ~ )  Signal. Figure 8 
expresses the relationship between the maximum x ( ~ )  and 
temperature for the PMMA + 4 wt % DANS system. It 
also presents the variances of parameters a and 80 with 
temperature. Because the parameter a increases when 
the temperature decreases, the electric field becomes more 
effective in aligning the chromophores at  lower tempera- 
tures. However, since the wedge angle (the freedom of 
rotation) has an opposite temperature dependence to that 
of parameter a ,  the polymer restriction prevents the 
alignment more prominently when the temperature is 
lowered. This indicates that there exists an optimum 
temperature a t  which a maximum value of x ( ~ )  can be 
obtained. The experimental data show that this optimum 
temperature is about Tg for the PMMA + 4 wt 5% DANS 
system. 

At temperatures above Tg, although the rotational 
freedom has reached its maximum (00 = a), the increased 
Brownian motion breaks the alignment of the chro- 
mophores and thus decreases the x ( ~ )  value. When the 
temperature is lower than Tg, the x ( ~ )  signal is decreased 
by the polymer restriction even though the rotational 
driving force, a, is high. 

This observation also implies that the assumptions made 
previously are suitable in the data analysis for the 
experiments performed in this work (i) the applied electric 
field and the induced rotation of chromophores have little 
effect in distorting the conformation of the polymer chains; 
(ii) the wedge angle becomes a at  Tg. If the strength of 
the applied field is so high that it produces enough dipole- 
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Figure 8. Temperature dependences of x ( ~ ) ,  the parameter a, 
and the wedge angle 00 for the PMMA + 4 wt % DANS system 
(corona poled at +2.35 kV in a dry nitrogen atmosphere). 
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Figure 9. Surface voltage (- - -), xt2) ((-) experimental; (0) 
calculated), and average torque (A) decay curves of the PMMA + 4 wt % DANS system at 75 O C  (13 "C below Tg) following 
corona poling (+2.35 kV, in dry nitrogen). 

field interaction energy for the chromophores to break 
through the confinement of polymer chains, it  is possible 
to observe the maximum signal a t  a temperature below 
TB' This situation is insignificant for the electric field 
range used in this work. The occurrence of a maximum 
~ ( 2 )  at Tg rather than other temperatures indicates that 
the polymer restriction, which strongly affects the 
signal a t  low temperatures, reaches its minimum a t  Tg 
and has no more significant change a t  higher temperatures. 
I t  is thus suitable to define Tg as the temperature a t  which 
the wedge angle, 80, becomes T ,  and therefore no larger 
value of 00 is available a t  higher temperatures. 

Residual Electric Field Effects. Both the surface 
voltage decay and the x ( ~ )  relaxation, along with the 
calculated curves, for the PMMA + DANS films following 
corona poling are presented in Figures 9-11. The figures 
show that the surface voltage and the x ( ~ )  signal exhibit 
a similar but not identical relaxation rate. This indicates 
that the remaining surface voltage affects the ~ ( 2 )  decay, 
but other mechanisms such as the rotational Brownian 
motion also contribute to the x ( ~ )  relaxation. The calcu- 
lated curve, which is derived by considering both the 
residual surface voltage effect and the Brownian motion, 
gives a better description of the x@) relaxation. 
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Figure 10. Surface voltage (- - -), x ( ~ )  ((-1 experimental, (0) 
calculated), and average torque (A) decay curves of the PMMA + 4 wt % DANS system at 88 O C  (T,) following corona poling 
(+2.35 kV, in dry nitrogen). 

1 I 

I . .  - . . .  . . .  

D 

0 o icaa zocc taco c o o  saoo 6000 icco 

l ime (sa.) 

Figure 11. Surface voltage (- - -), x ( ~ )  ((-) experimental, (0) 
calculated), and average torque (A) decay curves of the PMMA + 4 wt % DANS system at 101 "C (13 O C  above Tg) following 
corona poling (+2.35 kV, in dry nitrogen). 

Figures 9-11 also show the calculated average torques 
acting on the chromophores following poling. It is 
interesting that the torque decays with a rate very close 
to that  the x ( ~ )  signal. This implies that the ~ ( 2 )  decay is 
more related to the torque in the bulk rather than the 
surface voltage. The torque produced by an electric field 
on a dipole p is given by46 

T = -WE sin 8 (25) 

Since the field also polarizes the chromophore, there is 
an additional torque which comes from the interaction of 
the field and the induced polarization. The total torque 
on an individual chromophore is then given by 

T = -WE sin 8 - E2 cos 8 sin 0 - gi) (26) 
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where the term v(gy - g;) represents the difference 
between the polarizabilities along the parallel and the 
perpendicular axes of the c h r o m o p h ~ r e . ~ ~ , ~ ~ ~ ~  

Assuming that there are no intermolecular interactions, 
the average torque (7) on the whole assembly of' the 
chromophores is 

(7) = Jor7 (8 )  p(8,t)  sin 8 d6 (27) 

where p(6,t) is the orientational distribution function. 
Because of the polymer restrictions, only the rotation of 
the chromophores with orientation located between 0 and 
BO, the wedge angle of the cone, is significant; then 

(7) = ~ o o o 7 ( 8 )  p(8,t)  sin 8 d8 + (28) 

where (I), is the average torque on the chromophores 
outside the cone. Because the rotation of the chro- 
mophores outside the cone is not noticeable, (I), can be 
assumed as a constant and contributing little to the time 
dependence of (7). The orientational distribution of the 
chromophores varies with time through rotational Brown- 
ian motion and therefore can be calculated using eq 8. 
Introducing the parameters a and b in eqs 3a and 3b into 
eq 26 and defining a dimensionless torque r TlkBT, eq 
28 can be rewritten as 

( r )  = J ' ~ ( x , t )  (a  - bx) (1 - X 2 ) 1 j 2  dx + (r) ,  (29) 
XO 

where x = cos 0 and xo = cos 80. Assuming that there is 
a uniform distribution of the chromophores outside the 
cone, (r),  can be determined by 
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It  is found in eq 30 that if parameters a and b vary with 
time (following poling), ( J?), will exhibit the same time 
dependence as a and b. Because the time dependence of 
a and b comes from the surface voltage decay, ( F), has the 
same relaxation behavior of the surface voltage. ( I' ), thus 
represents the part which is explicitly affected by the 
surface voltage of the average torque, ( r ). 

The integral portion in eq 29, which involves the 
contribution of rotational Brownian motion to the average 
torque, results in the difference between the decay rates 
of the surface voltage and (J?). Because the orientation 
of the chromophore is directly affected by the torque acting 
on it, the ~ ( 2 )  signal shows a decay rate closer to that of 
( r )  rather than that of the surface voltage. 

Figure 10 shows a faster x ( ~ )  decay than that of the 
surface voltage a t  Tg. It can been seen that the Brownian 
motion assists the x@) relaxation. However, when the 
temperature is far below or far above Tg, a reverse situation 
is observed (Figures 9 and 11). At low temperature, the 
polymer restrictions become significant and confine the 
reorientation of the chromophores within a smaller space. 
The decay is thus retarded even though the surface 
voltage vanishes. 

relaxation, relative to the surface voltage 
decay, a t  high temperature may be caused by the thermally 
excited charge transport mechanism.4742 The surface- 
trapped charges are excited a t  high temperature and begin 
to inject into the bulk, The dissipation of the surface 
charges is thus accelerated and a faster decay is observed 
a t  high temperature. Moreover, if the injected charges 
are trapped again inside the bulk, those bulk-trapped 
charges will interact with the dipoles and affect the 

The slower 

2 Temperature ("C) 

Figure 12. Temperature dependences of the rotational diffusion 
coefficients D, (during poling) and D, (following poling) for the 
PMMA + 4 wt % DANS system. 

decay. Assuming that the interaction between the bulk 
charges and dipoles retards the reorientation of the 
chromophores, the x ( ~ )  signal will be stabilized by those 
charges. Since the charge injection increases the surface 
voltage decay but slows down the x ( ~ )  relaxation, arelatively 
slower x@) decay, as compared to that of the surface voltage, 
is observed a t  high temperature. 

The temperature dependences of the rotational diffusion 
coefficients, D, (during poling) and D, (following poling), 
are shown in Figure 12. The values of D, and D, are 
expected to be the same if there is no post-poling electric 
field effect a t  constant temperature. However, if the 
remaining surface voltage decay is not considered in 
calculating the x ( ~ )  relaxation following corona poling, the 
magnitude of D, is found to be about 2 orders less than 
that of D,. Once the residual electric field effects are 
separated from the x ( ~ )  relaxation, both D, and D, should 
be the same and describe only the magnitude of the 
rotational Brownian motion of the chromophores. Data 
shown in Figure 12 were obtained by considering the 
surface voltage decay in the calculation. 

I t  can be seen in Figure 12 that D, and D, are of the 
same order. The difference between D, and D, may come 
from the effect of the bulk charges induced by the poling 
field or by the thermally excited injection of the surface- 
trapped charges.4749,51-53 These two types of bulk charges, 
classified by the origins, seem to dominate a t  different 
temperature ranges and have opposite effects in affecting 
the magnitude of the rotational diffusion coefficients. The 
field-induced bulk charges, which have opposite polarity 
to that of the surface charges, cancel out a part of the 
efficiency of surface charges in retarding the Brownian 
motion of the chromophores and therefore increase the 
diffusion coefficient following poling (D, > D,, as shown 
in Figure 12 at temperature near Tg = 88 "C). At  higher 
temperatures, a large-scale charge injection is excited. The 
injected charges, whose polarity is the same as the surface 
charges, not only eliminate the opposite effect of the 
induced charges but also assist the maintenance of the 
alignment of the chromophores. Therefore, a decreased 
diffusion coefficient is observed (D, < D,, Figure 12, T = 
101 "C). 

Estimation of Local Free Volume. In a real polymer 
system, the orientation of the cone can be in any direction 
instead of a single 2-direction (polar axis). Considering 
a cone which is tilted an angle CY away from the 2-direction 
(Figure 13) and defining the probability density of finding 
this kind of cone as p,(cu), then in an amorphous polymer 
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Figure 13. The orientation of the cone axis is tilted and angle 
ct away from the Z axis. 

Table 2. Values of the Apparent Wedge Angle ((e.)), True 
Wedge Angle (&), Cone Volume (VJ, and Local Free 

Volume ( VO) at Different Temperatures 

~ 

75 83 88 95 101 

(0 . )  (de@ 44 46 lac) 180 180 
00 (deg) 26.4 27.6 180 180 180 
v c  (‘43) 668 697 1499 1499 1499 
vo (‘43) 462 491 1293 1293 1293 

matrix the orientation of the cone is equally distributed 
and p c  is azimuthal-independent. Therefore 

pc(a)  a sin a (31) 
The rotational diffusion of the chromophores within 

those cones can go further down to a larger polar angle 0, 
= do + a instead of do, and it seems to the observer that 
the wedge angle (or the size of the cone) is increased. What 
is observed is the averaged apparent angle (0,) rather than 
the true wedge angle do. Since (0,) is larger than do, the 
cone volume will be overestimated if ( 0,) is used as do in 
calculations. 

To resolve this problem, it is necessary to further 
categorize those tilted cones into two cases and investigate 
the chromophore rotational motion in each case. Case A: 
the tilted cone still contains the Z-axis, which means the 
range of 0 still has the regular singular point of eq 1 , d  = 
0 (Figure 13A). The range of the tilted angle a is therefore 
between 0 and do to satisfy this requirement. Case B: the 
Z-axis only passes through the acme of the cone. The 
regular singular point is not included in the cone (Figure 
13B). 

In both cases, the differential equation which describes 
the rotational diffusion of the chromophores remains the 
same as eq 1. However, the boundary conditions must be 
redefined. Because the regular singular point, 0 = 0, is 
included in case A, the B.C.’s for case A are given by 

B.C.l: p(d = 0,t) p(X=1,7) is finite (32) 

and 

B.C.2: = 0, 0, = do + a  (33) 
e=@, 

which are the same as the ones defined previously (eqs 6 
and 7) if the tilted angle a is zero. Therefore, the 
differential equation can be solved by the same procedure 
and the probability density p has the same form as eq 8. 
The cones a t  a given a can then be viewed as forming a 
larger cone with an apparent angle d,, and the average 
value of 0, is related to 00 by 

sin do - do cos do 
(34) 1 - cos do (6,) = ld.pcCa) d a  = do + 

Figure 14. A schematic picture shows two different kinds of 
chromophore rotating in a polymer matrix. (A) If there is no 
interaction between the chromophore and the polymer chains, 
the chromophore is rotating around its geometric center. (B) 
The chromophore is rotating around its one end which is bound 
to the polymer chain. 

Once the average apparent angle is determined from 
experimental data, the real wedge angle can be calculated 
by solving eq 34. The values of (0,) and do are listed in 
Table 2. 

In case B, the boundary conditions are not the same as 
those defined before: 

and 

B.C.2: %$I = 0 
8=a+B0 

(35) 

(36) 

Because the d-domain no longer contains the regular 
singular point, the Frobenius series (eq 9) is inappropriate 
in deriving the solution which satisfies the above B.C.’s. 
The numerical work becomes more complex because the 
probability density p must be calculated a t  all possible 
tilted angles (Y and averaged to obtain the orientational 
order. However, since the orientations of these cones are 
much further away from the Z-axis than those in case A, 
the chromophores located within these cones will be less 
aligned and contribute little to the total observed signal. 

If there is no interaction between the chromophore and 
the polymer matrix, the chromophore should rotate around 
its geometrical center provided the dipole moment, p, is 
along the major geometrical axis of the chromophore and 
the donor and acceptor groups are a t  both ends. In this 
case, denoted as case 1, the chromophore is wobbling within 
two cones as shown in Figure 14A. The total volume of 
the two cones is calculated by 

812 2* 
V ,  = 2 ~o@o”s, r2 sin 0 d4  dr dd + V, = 

V ( 1 -  cos eo) + v, (37) 
6 

where C is the axial length of the chromophore and r is the 
radius of the cross section of the chromophore. For DANS, 
C and r are equal to 14.2 and 2.15 A, respectively (calculated 
using van der Waals volumes). V, is the “extra volume” 
swept by the chromophore and equals zero if the radius 
r is zero. The detailed calculation of V, is given in the 
Appendix. 

If there is some interaction which binds the chro- 
mophore, for example, a t  one end to the polymer chain 
(such as hydrogen bonding), then the chromophore can 
be visualized as wobbling around the fixed end and rotating 
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Figure 15. Temperature dependence of the friction factor, {, 
for the PMMA + 4 wt % DANS system. 

within one cone (case 2, Figure 14B).54 The cone volume 
becomes 

V ,  = sBof'szT 0 0 0  r2 sin 0 d 4  dr dB + V, = 

- cos 0,) + v, (38) 3 

The volume of the space which the chromophores can 
rotate into is then given by 

v,, = v, - u, (39) 

where u, is the volume of the chromophore and is equal 
to 207 A3 for DANS (calculated using van der Waals 
volumes). If Vo is viewed as the volume which is not 
occupied by either the polymer or the chromophores, it  
can represent the apparent mean free volume of the doped 
polymer system for a first-order approximation. The value 
of VO is useful in characterizing the rotational freedom of 
chromophores in a polymer matrix. Table 2 gives the 
values of Vo, as well as the corresponding values of V,  and 
$0, at  different temperatures for PMMA + 4 wt 7c DANS 
films. 

It can be seen from eqs 37 and 38 that the cone volume 
in case 2 is larger than that in case 1 if Bo is the same for 
both cases. This indicates that in case 2 more free volume 
is needed than in case 1 for chromophores to achieve the 
same orientational order ((cos3 e ) ,  which is a function of 
$0). The physical significance is that the poling tempera- 
ture must be higher to create more free volume (or local 
mobility) for the "host-bound'' chromophores to obtain 
the same x ( ~ )  signal, which can be obtained at  a lower 
temperature for the unbound chromophores. If the cone 
volume in each case is the same, then BO of case 2 will be 
smaller than that of case 1. That means although the free 
volume is the same, the polymer restriction (which is 
expressed in terms of BO) becomes more efficient in case 
2 than in case 1. This implies $0 may be a better index 
than free volume in describing the effect of the polymer 
restriction on the chromophore rotational dynamics. 

Local Viscosity. Figure 15 shows the temperature 
dependence of the rotational friction factor, {, following 
poling. The friction factor is defined by the Nernst- 
Einstein equation: 

(40) 

where kBT is the thermal energy and D is the rotational 
diffusion coefficient. I t  is found that the {-temperature 
curve shown in Figure 15 can be described by an 
exponential curve: 

where i-0 and TO are fitting parameters. For the PMMA 
+ 4 wt 70 DANS system (Tg = 88 "C) ,  the values of (0 and 
TO are 2.26 X 10-l1 erg s and 6.17 K, respectively. 

Perrid5 developed an equation which relates the friction 
factor and the viscosity for an ellipsoidal particle rotating 
in a viscous medium: 

2s2 - 1 In ( + (" - 1)1'2))-1, for s > 1 (42) 
2s(s2 - 1)1'2 s - (2 - l ) l ' 2  

where p is the viscosity of the surroundings and uc is the 
volume of the rotating particle. The parameter s is the 
shape factor, which is defined as the ratio of the length 
of the longitudinal axis to that of the transverse axis of the 
rotating particle. For DANS, u, is 207 A3 and s is equal 
to 3.3. 

Assuming that the doped chromophores are allowed to 
rotate within a local low-density area with a viscosity 7 in 
a polymer matrix, then eq 42 is applicable. The relation- 
ship between the friction factor and the viscosity for the 
PMMA + DANS system is therefore given by 

q = 3.07 X lozo[ (43) 

where the units of p and { are poise and erg seconds, 
respectively. Substituting eq 43 into eq 41, the tempera- 
ture dependence of q is given by a single exponential 
equation: 

T - T g  
7 = 'lo exp( - T )  

where 70 equals 6.94 X lo9 P and TO is 6.17 K. 
Equation 44 is similar to the Doolittle equation: 

q = A exp( B y )  

(44) 

(45) 

where u is the specific volume and uf is the free 
A and B are material parameters. Williams, Landel, and 
Ferry (WLF)58 assumed that the free volume increases 
linearly with temperature and proposed an empirical 
equation: 

uf = ~ , ( f +  AcY(T - T,)) (46) 

where ug is the specific volume a t  Tg and ACY = (a1 - ag) 
is the excess thermal expansion coefficient of the liquid 
with respect to the glass. f i s  the fraction of free volume 
at T,  and was taken to be 0.025 by the authors. Substi- 
tuting eq 46 into the Doolittle equation, the temperature 
dependence of viscosity is then described by 

) (47) 
CY,(T- Tg)  + (1 - n 

ACY(T- T,) + f 
The q-temperature curves fitted using eqs 44 and 47, 

as well as the data points calculated from the rotational 
dynamic model, are shown in Figure 16. The errors 
between the curves and the data points are less than 0.1 70 . 
Parameters A and B in eq 45 are found to be 3.46 X l o 5  
and 0.244, respectively, if 7 is in units of poise. The thermal 
expansion coefficients, a1 and ag, of the polymer system 
are assumed to be affected little by the dopant and 
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Figure 16. Viscosity (+temperature curvesfor the (- - -) PMMA + 4 wt % DANS system fitted using eq 44 ((-) simple 
exponential) and eq 47 Doolittle-WLF). The data points (0) 
were calculated from the rotational dynamic model. 

Table 3. Comparison of the Free Volumes Predicted by the 
WLF Eauation (vd and the Rotational Dynamic Model ( Vd 

T ("(2) 
T ( O C )  75 83 88 95 101 

Vf (-43) 202 223 245 266 276 
Vo(A3) 462 491 1293 1293 1293 

approximately equal to 5.75 X lo4 and 2.55 X lo4 K-l, 
r e s p e c t i ~ e l y . ~ ~ ~ ~ ~  The free volume fraction, f ,  is found to 
be 0.024, which is close to that proposed by the WLF 
equation. I t  can be seen in Figure 16 that the viscosity- 
temperature behavior predicted by the model is consistent 
with that described by the Doolittle-WLF equation. Both 
curves show a non-Arrhenius dependence of the viscosity 
on temperature. 

However, the underlying physical significances of the 
Doolittle-WLF equation and the rotational dynamic model 
are different. Originally, the Doolittle or the WLf equa- 
tions were developed empirically to explain the tempera- 
ture dependence of viscosity or the change in viscoelastic 
properties of polymers above T,. Therefore, they are valid 
a t  temperatures above T,. The values of viscosity 
calculated by the Doolittle-WLF equation are taken as an 
indication of the friction encountered by the polymer 
chains in global motion. When the temperature is below 
Tg, the global motion of the polymer chains is greatly 
decreased and becomes undetectable on the regular 
laboratory time scale. The Doolittle or WLF equations 
fail below Tg because the global motion of the polymer 
chains no longer obeys the behavior a t  liquid state. 
However, the model in this work is developed to describe 
a small-scale motion in a sub-T, polymer system. The 
viscosity obtained by the model, therefore, represents the 
resistance of the local motion in polymers. 

The consistency of the model and the Doolittle-WLF 
equation implies that although the large-scale motion is 
dramatically impeded below T,, there is some area where 
the local motion is allowed to occur and behaves just like 
that above Tg (or there exists some local motion which is 
so mobile that it results in a low viscosity area whose 
property is similar to that of the liquid state). 

Equation 46 gives an empirical definition of free volume, 
uf, proposed by WLF. The values of uf and VO (the local 
free volume computed from the rotational Brownian 
model) are listed in Table 3. The difference between the 
values of uf and VO comes from the neglecting of the 
plasticization in a doped polymer system in the calculation 
of uf. The values of the parameters in eq 46, including the 
thermal expansion coefficients and the specific volume, 
are taken as the ones of pure PMMA. Therefore, the value 
of uf is close to that of a pure polymer rather than the 
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doped system. It can be seen that the extra volume 
introduced by the chromophore is large (VO - uf) and gives 
rise to a significant decreasing of Tg in the doped polymer 
(pure PMMA: Tg = 105 "C; PMMA + 4 wt % DANS: Tg 
= 88 "C). 

Another difference of uf and VO comes from their 
definition. The value of uf indicates the average free 
volume in the polymer bulk. However, VO is referred to 
the local free volume surrounding the chromophore. This 
also suggests that the model is more sensitive in describing 
the local motion which cannot be predicted by the WLF 
equation. 

Conclusions 

A dynamic model which describes the rotational Brown- 
ian motion of NLO chromophores in a poled polymer has 
been developed in this work. This model exhibits the 
ability to reproduce the time dependence of the x ( ~ )  signal 
during the following poling. With the information ob- 
tained from the model, the x ( ~ )  relaxation behavior, as 
well as the local mobility in NLO polymers, can be 
understood and quantified. 

value 
is observed at  the glass transition temperature for the 
PMMA + DANS system. The magnitude of is 
governed by three major mechanisms-the rotational 
Brownian motion, electric field effects, and polymer 
restrictions-which dominate a t  different temperatures. 
There exists a temperature which optimizes these factors 
and gives a maximum value of x ( ~ ) .  A t  the glass transition 
temperature, the polymer restriction reaches its minimum; 
it therefore gives a suitable environment for the applied 
electric field to orient the chromophores efficiently. 

The residual electric field effects on the x ( ~ )  relaxation 
following corona poling have been examined by measuring 
the second harmonic intensity and the surface voltage 
simultaneously. The residual electric field has been found 
to increase the temporal stability of the signal. With 
the numerical method introduced in this .work, the 
remaining surface voltage has been separated to reveal 
the contribution of the rotational Brownian motion and 
polymer restriction to the x ( ~ )  relaxation. The x ( ~ )  signal 
shows a decay rate closer to that of average electric torque 
rather than that of surface voltage. The polymer restric- 
tions (below Tg), the rotational Brownian motion (near 
T,), and the charge injection (above T,) are believed to 
result in the deviation of x(2 )  relaxation from surface voltage 
decay. 

The magnitude of the rotational diffusion coefficient of 
DANS doped in PMMA has been calculated ranging from 
lo4 to s-l a t  temperatures 10 "C below to 10 "C above 
the glass transition temperature. I t  has also been found 
that the rotational diffusion coefficients during and 
following corona poling are of the same order but have 
different values after the remaining surface voltage effect 
is deconvoluted. I t  is suspected that the field-induced 
bulk charges and the thermally excited charge injection 
may contribute to this difference. 

The application of the rotational diffusion model in 
estimating the local free volume and viscosity has been 
illustrated. The polymer restriction on rotating chro- 
mophores was modeled as a rigid cone, which confines the 
rotational motion in a limited space. The cone volume, 
or the wedge angle of the cone, therefore, represents the 
local free volume or local mobility of the polymer matrix 
around the chromophores. I t  has also been shown that 
the wedge angle may be a better index of the local mobility 

The temperature for obtaining the maximum 
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The integral part of eq A.l  is integrated as follows: 

i 

Figure 17. Rotation of a long rodlike particle (length = C, radius 
of cross section = r) around its geometric center with a maximum 
polar angle 00. 

than the cone volume when there is an interaction between 
the guest and the host. 

The rotational friction factor of DANS doped in PMMA 
has been calculated and related to the local viscosity. The 
local viscosity-temperature behavior predicted by this 
model is found to be consistent with the Doolittle-WLF 
equation. This implies the superior ability of the SHG 
technique and the rotational dynamic model in probing 
and quantifying the local or small-scale mobility in 
polymers below Tg. 
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Appendix 
A rigid, rod-like (cylindrical) particle is rotating around 

its geometric center in space without any translational 
movement. The rotation of this particle is independent 
of the azimuthal angle and is restricted within a polar 
angle 00. 80 is defined as the angle measured from the 
polar axis to the geometric axis of the particle. The space 
which can be swept by the particle forms the shape as 
shown in Figure 17. If the length of the particle is and 
the radius of its cross section is r, then the volume of the 
swept space is given by 

1 V, = 2[ Jo2rrf sin 0 d4 c r J  d8 So',drf -: r3 
sin 6, cos2 B, 

iA.1) 

where r', 8, and 4 are the radial, polar, and azimuthal 
variables, respectively. The cubic term of r in eq A.l 
indicates the volume which is overcounted in the integral 
(the dotted area in Figure 17). The parameter r~ is a 
8-dependent distance which is measured from point A to 
the circumference swept by the end point of the particle. 
The relationship between ro and 0 is 

r: - (L2 - d:) 
cos 8 = 

2d0r, 
(A.2) 

where 

(A.3) C 
2 L = - + r cot 19, 

and 

r 
sin 8, d, = - (1 - cos 6'") (A.4) 

JQzTr' sin 6' d4  JOoor' d8 Jor'drJ = ~ J 8 = 8 0 r ~ d  3 8=0 cos 8 
(A.5) 

According to eq A.2 and defining 

rg2 - ( L ~  - ct:) 
y '  

'6 

rg can be rewritten in terms of y as 

(A.6) 

rg = 1, + + 4c)1/2)3 (A.7) 

where c is defined as (L2 - do2). Equation A.5 can be 
expressed as 

2 

eq A.5 = zJe=80(y + (y2 + 4 ~ ) ~ ~ ~ ) ~  dy (A.8) 24d, @=O 

After performing a series of integrations, the final result 
is 

-a eq A.5 = -{y4 + 6cy2 + y(u2 + 4~)~/');:$ (A.9) 24d, 

Substituting eqs A.2-A.4 and A.6-A.9 into eq A.1, Vc is 
given by 

v, = ~l(1- COS 8013(1 + cos2 80) 

sin 8, 

2 cos 8,)] [ 2 + '-3 sin Bo sin 8,(l- cos 0,)r + 2 
rco t8 , )3-cosOo[(~+rcot80~2-  (L) 2 (1- 

sin 6, 

cos 80)3] 3'2] 1 (A.10) 

V ,  can be viewed as the summation of the inside cone 
volume (blank part in Figure 17) and the extra volume 
swept by the particle around the edge of the inside cones 
(the dark part in Figure 17). The volume of the inside 
cones can be calculated as 

Vi, = 2~0""~0"2~02rr2 sin 8 d$ d r  d0 = %?3(l - cos 0,) 
(A.ll) 6 

Thus the extra volume V, can be derived by subtracting 
Vi, from V,. 

If the shape of the rotating particle is ellipsoidal rather 
than rodlike (cylindrical), then the value of V, is about 
~ / 4  times that of V ,  for a rodlike particle. Therefore, the 
volume swept by an ellipsoidal particle can be ap- 
proximated by 

(A.12) 

If the particle is rotating around one of its ends, the 
value of V, is calculated by substituting C rather than C/2 
into eq A.10 and dividing the result by 2. 
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