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ABSTRACT 

 

Chromophore-polymer composite materials for electro-optical applications are rendered active at the 
(2)

 level 

of susceptibility by inducing chromophore alignment through the interaction of the chromophore dipole moment with an 

external electric field, a process referred to as “poling”.  To provide insight into the molecular details of the poling 

process, single molecule microscopy studies of  DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-

pyran) and RhB (Rhodamine B) in  poly(methyl acrylate) (PMA) above Tg of the polymer host are performed.  Electric 

fields of 50 V/µm are employed consistent with typical experimental conditions. The effect of environment is studied 

through comparative studies or RhB reorientation in oxidative and inert atmospheres.  Single-molecule rotational 

dynamics are monitored through the time-evolution of the fluorescence anisotropy.  Anisotropy correlation functions 

demonstrate non-exponential decay consistent with previous studies of molecular rotation dynamics in polymer melts.   

The rotational dynamics of DCM are found to be weakly perturbed in the presence of a 50 V/µm electric field consistent 

with the modest alignment potential created by the electric field relative to the amount of available thermal energy.  The 

relevance of these findings to current models of the poling process is discussed. 
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1. INTRODUCTION 
 

Recent advances in organic photonic materials suggest that these materials will play an important role in next 

generation electro-optical (EO) devices.
1-15

  These materials hold the potential of higher switching frequencies and lower 

operational voltages when compared to current inorganic materials (i.e., LiNO3).  However, fulfilling the promise of 

these materials requires a molecular-level understanding of the issues that limit their efficiency.  A central issue 

surrounding the development of organic EO materials is the translation of molecular systems of large 

hyperpolarizabilties, , into macroscopic assemblies possessing large EO activity.
7,13

  The EO response is one of several 

effects derived from the 
(2)

  level of susceptibility.
16

 Chromophore-polymer composite materials lack inherent non-

centrosymmetry which is required for finite 
(2)

 response.  In chromophore-polymer composite systems, material non-

centrosymmetry is established through the use of an external electric field or “poling” field which induces chromophore 

alignment through interaction with the molecular dipole moment (µ).  In the typical poling process, the polymer 

composite is heated near the glass transition temperature (Tg) allowing the chromophores to reorient in response to the 

poling field. The composite is then cooled below Tg in order to preserve the field-induced chromophore alignment.  The 

extent of EO activity is related to  and the extent of molecular order as follows:
14

 

 

 
  
EO N cos

3
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where N is the chromophore number density and 
 

cos
3

 is the chromophore orientation parameter.  Equation (1) 

suggests that one strategy for optimizing EO activity is to maximize the extent of molecular order.  This requires a 

detailed understanding of the poling process.  
 

*
Author to whom correspondence should be addressed.  preid@chem.washington.edu 

 

Linear and Nonlinear Optics of Organic Materials VI, edited by Robert A. Norwood,
Proc. of SPIE Vol. 6331, 63310K, (2006) · 0277-786X/06/$15 · doi: 10.1117/12.674778

Proc. of SPIE Vol. 6331  63310K-1



 

Theoretical techniques have been used to explore the details of the poling process, and these studies have shown that in 

the dilute chromophore limit, the extent of molecular order is dependent on the product of the molecular dipole moment 

and poling field strength (E) versus the amount of thermal energy available, or simply µE/kT.
16-24

  The field strengths 

investigated were generally much greater than kT in contrast to experimental conditions where dielectric breakdown 

limits usable poling fields to 100 V/µm corresponding to regimes in which µE < kT.  In addition, the computational 

studies generally employ a gas phase lattice model in which the environment provided by the polymer host is assumed to 

be homogeneous, and the interactions between the chromophore and host matrix are ignored.  The influence of spatial 

heterogeneity that typifies polymer environments remains an open issue with respect to poling efficacy.  Experimental 

techniques capable of following molecular reorientation dynamics in polymer environments especially under 

experimentally-relevant poling conditions are required to evaluate these models, and to provide further insight into the 

molecular details operative in the poling process. 

 

Polarization-sensitive confocal microscopy allows one to measure the spatial orientation and rotational dynamics of 

single molecules.
25-36

   This technique has been used to measure the rotational dynamics of rhodamine dyes in polymers 

at temperatures slightly above Tg.
27,29,31,33,34

    These experiments were designed to determine the contribution of spatial 

and temporal homogeneity to the complex rotational dynamics observed in polymers close to Tg.   Non-exponential 

rotational correlation decay dynamics were observed consistent with environmental heterogeneity of the polymer 

environment.  In addition, two polymers were studied at similar temperatures relative to Tg and the molecular rotational 

dynamics were found to differ between the two polymer hosts.
29

  This observation indicates that the poling temperature 

relative to Tg may not be the only parameter that influences molecular reorientation in response to the poling field. 

 

We present here a series of single-molecule confocal microscopy studies of chromophore rotational dynamics in 

chromophore-polymer composite materials.  The effects of molecular shape, electric field poling, and environment are 

investigated through single molecule microscopy of  DCM (4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-

4H-pyran) and RhB (Rhodamine B) in  poly(methyl acrylate) (PMA) above Tg .  Electric fields of 50 V/µm are 

employed consistent with typical experimental poling conditions. The effect of environment is studied through 

comparative studies or RhB reorientation in oxidative and inert atmospheres.  The observed single-molecule rotational 

dynamics for DCM and RhB are analyzed to determine the change in rotational dynamics with external perturbation.  

We find that the chromophore rotational dynamics are non-exponential, consistent with previous studies of molecular 

rotation dynamics in polymers suggesting that the dynamical heterogeneity of the polymer environment influences 

chromophore reorientation.  The addition of gaseous N2 to the RhB composites results in a modest alteration of the 

rotational dynamics presumably due to a change in the blinking dynamics.  In the presence of the poling field, the 

rotational dynamics of DCM are modestly perturbed consistent with the fact that the amount of available thermal energy 

is greater than the potential energy of interaction between the molecular dipole and applied field.  The relevance of these 

results with respect to current models of the poling process is discussed.   

 

2. EXPERIMENTAL 
 

2.1 Sample Preparation.  The laser dyes DCM  (4-(dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran, Aldrich 98%) and Rhodamine B (RhB, Sigma 95%) 

were used as received.  Stock solutions of the dyes at a concentration of 4 x 10
-9

 M and 

20 wt% poly-methyl acrylate (PMA, Aldrich, MW ~40 kD, Tg = 303 K) were both 

prepared in cyclopentanone (Aldrich  99%).  Structures of the compounds used in this 

study are presented in Figure 1.  The polymer solution was mixed for 24 hours then 

filtered (Whatman, 0.45 µm) before use.  The dye and polymer solutions were mixed in 

a 1:4 ratio resulting in a final concentration of 1 x 10
-9

 M in 15 wt% polymer solution.  

This concentration provided for a molecular number density consistent with single-

molecule resolution.  The samples were deposited on glass coverslips (Corning No.1 25 

x 25 mm) by spin coating.   Before use the coverslips were cleaned in a boiling solution 

of 3:2:1 deionized (DI) water :ammonium hydroxide :hydrogen peroxide for one hour 

and then rinsing with DI water and dried with gaseous nitrogen.  In the electric-field 

studies, aluminum electrodes designed for poling in a x,y geometry suitable for single-

molecule microscopy were fabricated on glass coverslips.  Details of the electrode 

fabrication procedure are provided elsewhere.
37

  Electrodes were fabricated with a 
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Figure 1.  Chemical structures 

for PMA (top), DCM (middle) 

and RhB (bottom). 
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roughly 10 µm gap to withstand a 50 V/µm electric field generated with a high voltage power supply
37

  A 100-µL aliquot 

of the sample solution was deposited onto the electrode assembly by spin coating at 3000 rpm for 30 seconds, and the 

resulting film thickness (200 nm) was measured by surface profilemetry (Dektak 3030).  The samples were held 

overnight under vacuum before use. 

 

2.2 Single Molecule Confocal Microscopy.  Single molecule microscopy studies were preformed using an inverted 

scanning fluorescence confocal microscope described in detail elsewhere.
 37

  Photoexcitation was accomplished using the 

532-nm output from a Nd:YVO4 laser (Spectra Physics Millennia V).  The laser output was converted to circular 

polarization using a /4 waveplate.  Excitation powers of 10 µW were employed for DCM, and 800 nW for RhB with 

the difference in power reflecting the difference in absorption cross section at 532 nm .  Images were acquired by 

scanning the sample with 100-nm resolution in both the x and y directions over the focal volume of the microscope.  The 

polarization components of the fluorescence were obtained and detected using a polarizing beamsplitter and two 

avalanche photodiode detectors (PerkinElmer, SPCM-AQR-16).  The depolarized fluorescence from dye-doped 

polystyrene spheres (Molecular Probes) was measured daily allowing for normalization of the detector outputs.   For 

experiments performed under an inert atmosphere, upon removal from the vacuum oven the samples were flushed with 

gaseous nitrogen which remained flowing over the sample during the measurements.  All of the data were collected at an 

ambient room temperatures which were 20 ± 1 ºC for DCM corresponding to Tg + 11 ºC, and 23 ± 1 ºC  for RhB 

corresponding to Tg + 14 ºC.  

 

3. RESULTS 

 

3.1 Single-Molecule Emission.  In this study the influence of an applied electric field on molecular orientation is studied 

by monitoring the fluorescence dichrosim of single molecules.  However, it is well known that the high-NA objectives 

employed in single-molecule studies mix the polarization components of the fluorescence.
 38-40

 Therefore, the effect of 

the objective on the measured dichroism must be considered.  In this study the excitation field is circularly polarized 

such that all transition-dipole orientations in the xy-plane of the microscope are excited.  The objective collects the 

molecular fluorescence, and relays this emission through a polarizing beam splitter that separates it into its dichroic 

components.  The effect of high-NA objectives on the measured dichroic components of the emission has been discussed 

in the literature, and the following expressions for the experimentally observed dichroic components of the emission, I|| 

and I , have been derived:
 37
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In Equation (2), K1, K2, and K3 define the extent of emission polarization mixing defined by the NA of the objective 

employed.  In this work, a 1.3 NA oil-immersion objective (n = 1.518) dictates that obj = 59º.  With this angle, K1, K2, 

and K3 are equal to: 
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To recast Equation (2) in matrix form, we make the following definitions: 
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With these definitions Equation (2) becomes: 
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In the above expression, the molecular transition dipole moment is expressed in the frame of the optical system.  The 

optical-system frame is related to the molecular frame by a standard Euler rotation: 

  

 

   

v
µ = R ( )

0

0

µ
o

= µ
o

sin cos

sin sin

cos

 (5) 

 

The definition of 
 

v
µ  provided by Equation (5) is then related to the fluorescence intensity in terms of the rotation angles 

defining the orientation of the transition dipole in the molecular frame: 
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The matrix equation can be simplified by using the 
  %
K  matrix to transform the intensities in an effort to partially undo 

the polarization mixing introduced by the objective:   
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where 
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The new intensities,  

v

, may be considered to be partially back transformed from the object frame to the molecular 

frame.  The correction factor,  = 0.229 for the present case, represents the extent to which this approach does not fully 

remove the effects of the large NA objective.   However, taking the difference between the back-transformed parallel and 

perpendicular intensities (as done in constructing the linear anisotropy below) has the effect of removing this correction.  

The sum of the two polarization components of the emission will contain the correction, but will not demonstrate any 

dependence on the minor Euler angle.  Expressing this result with respect to the equilibrium probability distribution of 

the angles,
  
P

eq
,( ) , yields 

  

 

  

µ
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In the poling process, the presence of an electric field is expected to bias the molecular orientation distribution towards 

the direction of the electric field.  The magnitude of this interaction is dependent on both the magnitude of the molecular 

dipole moment and the applied field.  The molecule of interest in this study, DCM, possesses a dipole moment of ~10 D 

and fields of 50 V/µm are employed.  The field is parallel to the X axis of the optical system; therefore, the equilibrium 
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probability distribution is no longer uniform over all orientations.  The orientational distribution will be governed by the 

Boltzmann probability distribution:   
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In Equation (10), f  is equal to µE/kT where µ is the magnitude molecular dipole moment, E is the magnitude of the 

poling field, k is Boltzmann’s constant, and T is temperature.  For the experimental conditions of this study: 
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 Using this result, the effect of the poling field on the bulk averaged dichorsim is given by:   
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3.2 Reduced Linear Dichroism.  As demonstrated in previous studies of chromophores in polymer melts, the rotational 

dynamics of the chromophore can be described through the time evolution of the emission dichroism expressed as the 

reduced dichroism, A(t): 
27
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The anisotropy ratio in terms of the back-transformed intensities is defined as as: 
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Using the above definitions we find: 
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As the orientation of the molecule changes in time, the anisotropy ratio will evolve in time.  This form of the anisotropy 

is nearly the same as the 
 
cos 2 , with the correction factor scaled by the parameter, , which is a function of the 

objective NA.  The rotational dynamics as reflected by A(t) can be quantified by the autocorrelation of this quantity, 

defined as C(t), which is calculated as follows: 
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where A(t) can be determined using AI(t) or 
 
A t( ) .  The temporal behavior of C(t) demonstrates non-exponential decay; 

therefore, the temporal evolution of this function generally fit using the Kholrausch-William-Watts (KWW) stretched-

exponential function 
27,45

: 

 

 
  
C t( ) = exp t

KWW( )  (17) 

 

In Equation (17), KWW is the apparent decay constant and  can range from 0 to 1 with  = 1 representing single 

exponential decay expected for Brownian rotational diffusion.  We will refer to  as KWW throughout the text to avoid 

confusion with the molecular hyperpolarizability.  The weighted average time scale, c, produces a measure of the single-

molecule rotation times and is related to C(t) as follows. 
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Finally, the ensemble-averaged correlation time,
 

c
, is calculated from the distribution of weighted average times as 

follows:  
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3.3 Single-Molecule Microscopy Results.  A 5 x 5 µm image of the fluorescence from single RhB molecules in PMA is 

presented in Figure 2.  The 300-nm diameter of the molecular images reflects the near-diffraction limited focus of the 

laser.  Single molecules were located by performing a raster scan of the sample until the measured intensity from both 

channels exceeded a preset threshold value.  When this threshold was exceeded, scanning was paused and the intensity 

on both detectors was monitored as a function of time for up to 200 seconds.  Figures 3 and 4 illustrate the analysis 

required to connect the fluorescence intensity data to the 

molecular rotation dynamics for such a threshold event for 

DCM and RhB, respectively.  In Figures 3A and 4A, I||(t) and 

I (t) measured for a representative threshold event are shown.  

Fluctuations in intensities between the polarization 

components are observed due to molecular rotation until 

permanent loss of signal occurs due to photodestruction.   

Figures 3B and 4B are an expanded view of the first 25 s of 

the data shown in panels 3A and 4A, and anticorrelation of 

the observed intensities is evident consistent with molecular 

rotation.  Using I|| and I , A(t) is calculated as described by 

Equation (13), and presented in Figures 3C and 4C.  The 

autocorrelation of A(t) before the photodestruction event, C(t) 

is shown in Figures 3D and 4D.  Consistent with previous 

studies of molecular rotational dynamics in polymer melts, 

the decay of C(t) for DCM and RhB are not well described by 

single-exponential decay as illustrated by the mismatch 

||

 
Figure 2.   False-color images of the flourescence of single 

RhB molecules.  The figure represents a 5  5 µm
2
 scan 

employing 0.1 µm steps of 10-9 M RhB in 15 wt% PMA.  

The fluorescence is polarized parallel to the applied electric 

field (above left) or perpendicular (above right).  The color 

scale corresponds to counts of 20-200 per 100 ms time 

window. 
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between the exponential fit (dashed lines) and data (black diamonds) .  In contrast, the data are better fit by the stretched 

exponential function (solid lines) with KWW = 0.15 s and KWW = 0.79 for the DCM molecule and KWW = 0.28 s and 

KWW = 0.84 for the RhB molecule.   

 

For DCM in the absence of the poling field, KWW was found to vary between 0.05 – 0.89 s with 
 

KWW
= 0.25 ± 0.02 s, 

and values of KWW ranged between 0.5 and 1 with 
 

KWW
  = 0.83 ± 0.01.  Histograms of KWW and KWW in the 

presence and absence of the poling field are presented in Figures 5A and 5B.  The deviation of KWW from 1 suggests the 

rotational dynamics are reflecting the heterogeneous environment provided by the polymer host; however, the 

preponderance of values lie between 0.7 and 1 demonstrating that the rotational dynamics are near exponential.  The 

effect of an external electric field on the rotational dynamics of DCM ( c) was determined by comparing the weighted 

average correlation times as calculated using Equation (18) for molecules in the presence and absence of the poling field.  

Figure 5C presents the values of c determined for 99 molecules in the absence of an applied external field, and for 120 

molecules in the presence of a 50 V/µm field.  Although the histograms with and without the external field are similar, a 

shift to higher c values is observed in the presence of the poling field.  This slight enhancement in c is reflected by the  

  
Figure 3.  A typical single molecule time trace of DCM in PMA 

(Tg = 11 °C).  Panel A presents the signal for the two dichroic 

components of the fluorescence (|| to the electric field as light 

gray,   as dark grey). A single-step bleach at 150 s is observed, 

consistent with single-molecule photodestruction.  In panel B, the 

first 25 s of the evolution in panel A is shown to more clearly 

depict the rotational dynamics.  The reduced linear dichrosim, 

A(t), is illustrated in panel C.  Panel D is a fit to the 

autocorrelation of the transient showing both an exponential fit 

(dashed,  = 0.16 s) and a fit to Equation (17) (solid, KWW = 

0.15 s and KWW = 0.78). 

Figure 4.  A typical single molecule time trace of RhB in PMA 

(Tg = 14 °C).  Panel A presents the signal for the two dichroic 

components of the fluorescence (|| to  the electric field  as light 

gray,   as dark grey). A single-step bleach at 85 s is observed, 

consistent with single-molecule photodestruction.  In panel B, 

the first 25 s of the evolution in panel A is shown to more clearly 

depict the rotational dynamics.  The reduced linear dichrosim, 

A(t), is illustrated in panel C.  Panel D is a fit to the 

autocorrelation of the transient showing both an exponential fit 

(dashed,  = 0.26 s) and a fit to Equation (17) (solid, KWW = 

0.28 s and KWW = 0.84). 
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 average correlation times 
 

c( )  of 0.29 ± 0.02 s and 0.33 ± 

0.03 s in the absence and presence of the electric field, 

respectively. 

 

An alternate way to gauge the effect of an applied field is 

illustrated in Figure 5D.  Here, histograms of the ratio of I|| 

to I  averaged over the molecule’s lifetime are shown in the 

presence and absence of the electric field.  The application of 

the poling field is expected to bias the molecular alignment 

in the direction of the field; therefore, this should be 

reflected by an increase in the dichroic ratio in the presence 

of the electric field.  The average intensity ratio is 0.98 ± 

0.02 with no external field, and in the presence of a 50 V/ m 

field the average ratio undergoes a sight increase to 1.00 ± 

0.03.  In addition, the histogram in the presence of the 

electric field demonstrates broadening and skewing of the 

intensity ratio to values greater than unity and is consistent 

with a biasing of the molecular orientation in the direction of 

the electric field. 

 

For RhB molecules in an ambient atmosphere, values of 

KWW ranged from 0.13 to 2.28 s with 
 

KWW
= 0.45 ± 0.03 

s, and values of KWW ranged from 0.57 to 1 with 
 

KWW
  = 

0.82 ± 0.01.  Histograms of KWW and KWW for RhB in 

ambient atmosphere and in the presence of nitrogen gas are 

presented in Figures 5E and F.  When compared to DCM 

under nearly identical conditions, KWW is strikingly similar 

with the molecules exhibiting the same near-exponential 

rotational dynamics.  However, the KWW histograms differ 

in that the values for RhB extend to much longer correlation 

times.  This behavior is reflected in 
 

KWW
 for RhB that is 

almost double that of DCM.  The effect of an inert 

environment on the rotational dynamics was studied using 

RhB single molecules.  135 and 143 molecules were 

interrogated under normal atmospheric conditions in the lab 

and under nitrogen gas respectively.   

 

4. DISCUSSION 

 

4.1 Comparative Rotational Dynamics.  The distributions of KWW presented in Figures 5A and 5E are consistent with 

the heterogeneous environment of the polymer host causing variations in molecular rotational dynamics between 

individual probe molecules.  Comparison of the rotational dynamics for DCM and RhB demonstrates that the structure of 

the probe molecule has some influence on the measured dynamics.  Specifically, the shapes of the KWW histograms are 

similar (Figures 5A and 5E); however,
 

KWW
 for DCM in PMA is roughly half (250 ms) the corresponding value for 

RhB (450 ms).  Rotational correlation times have been shown to vary for different probe molecules in the same 

polymer.
46

  Therefore, differences in probe molecule geometry or alteration of the intermolecular interactions with the 

polymer host may be responsible for the differences in
 

KWW
.  With respect to molecular interactions, the KWW 

distributions are nearly identical for DCM and RhB suggesting that the dynamical heterogeneity of the polymer host is 

reflected to a similar extent in the rotational dynamics of both probe molecules.  The distribution of KWW provides 

 
Figure 5.  Histograms for the fit parameters ( KWW in panel A 

and KWW in panel B, single-molecule correlation time ( c 

panel C), and <I||>/<I > (panel D) for DCM are shown along 

with  the fit parameters ( KWW in panel E and  in panel F) for 

RhB.  The values with no perturbation are shown on top of 

each panel, and on the bottom are values in the presence of a 

50 ± 5 V/µm electric field for DCM and gaseous N2 for RhB. 
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information on the distribution of rotational environments experienced by the probe molecules.  Since the structure and 

electrostatic properties of DCM and RhB are quite different with DCM being dipolar and having a prolate geometry 

while RhB is charged and has an oblate geometry, the interactions with the surrounding polymer should differ and 

potentially result in different KWW distributions.  However, the similarity in KWW demonstrates that differences in 

interaction have limited effect on the rotational dynamics, and instead the difference in 
 

KWW
reflects variation in the 

molecular rotational dynamics accompanying the different structures of the probe molecules.  

 

Comparing RhB samples that were interrogated under ambient and nitrogen conditions,  near-exponential decays of C(t) 

are observed in both environments.  As shown in Figure 5F, both RhB KWW histograms show a very similar distribution 

possessing the same mean of 0.82.  As much as KWW does not change when the sample is introduced to a nitrogen 

environment, KWW did show some surprising differences.  Specifically, the distribution for KWW in N2 is shifted to 

longer times and possesses more outliers.  With the addition of the nitrogen environment, these differences in the 

histograms are reflected in values of 
 

KWW
 which increases from 0.45 s to 0.76 s in the presence of N2.  The 

motivation for exploring the effect of a nitrogen environment on the molecular rotational dynamics is the increased time 

before photodesctruction and a potential decrease in blinking dynamics.  The increase in 
 

KWW
is consistent with 

modification of these quantities.  However, molecules included for analysis were required to survive for at least 20 times 

 
KWW

; therefore, the decreased rate of photodestruction in N2 is presumably not responsible for the increase in 

 
KWW

.  Instead, the increased time suggests that blinking dynamics have some impact on the value of 
 

KWW
.    

 

The largest difference observed here relative to other studies of single-molecule rotation dynamics in polymer melds is 

the near-exponential decay of C(t) and KWW that range from 0.7 to 1.0.  We argued previously that the near-exponential 

decay of DCM
37

 as opposed to the non-exponential decay reported for rhodamine derivatives
27-29,31

 was due to 

differences in molecular geometry.  However, our results on RhB do not support this argument.  Instead, probe-specific 

rotational dynamics may be responsible for the differences in C(t) and KWW between studies.  Wang and Richert have 

recently demonstrated that for probe molecules in glass forming liquids, if the rotational time constant of the probe is 

significantly greater than the structural relaxation time of the surrounding environment, the rotational dynamics of the 

probe as reflected by decay of the linear anisotropy will demonstrate exponential decay.
47

  In this case, the observation of 

exponential decay is due to the rotational correlation function reflecting the average environment experienced by the 

probe. Although only a few measurements of the dielectric relaxation in PMA exist, the relaxation near the glass 

transition temperature as described within the Kohlrausch-Williams-Watts law is consistent with an average relaxation 

time of 0.15 s.
48

  Since the temperature employed in this study is above Tg, the relaxation time for the polymer will 

presumably be on a shorter timescale.  Given this, the near-exponential decay of the rotational correlation observed here 

may reflect the rapid fluctuations of the polymer host relative to the slower rotational dynamics of the probe.  

 

Tomczak et al. have performed similar measurements of the rhodamine derivative tetramethylrhodamine-5-isothio-

cyanate (5-TRITC) in PMA.
31

  In this study, the polarization components of multiple single molecules were 

simultaneously measured using wide-field microscopy.  An average value of approximately 0.6 was found for KWW with 

the distribution of values ranging from 0.1 to 1.  Compared to the values of KWW reported here, the Tomczak rotational 

decay curves demonstrate significantly greater non-exponential behavior in contrast to the near-exponential decay 

observed here.  Although 5-TRITC is similar in structure to RhB, 5-TRITC has an extra N=C=S functional group that 

may alter the electrostatic properties of the molecule.  Second, sample size may also be an issue.  The investigations of 

Tomczak et al. involved 35 molecules compared to the 135 RhB molecules studied here.  Therefore, the differences 

between the studies may be due to limited sampling of the molecular ensemble. 

 

4.2 Poling Effects on Chromophore Orientation.  The results presented here demonstrate that at the temperature 

employed in this study, DCM molecules in PMA experienced significant rotational mobility.  This behavior is consistent 

with the expected enhanced rotational mobility when T > Tg.
33,49-52

 As shown in Figures 5C and 5D, the relative 

similarity of 
 

c
 and <I|| >/<I > in the presence and absence of the poling field demonstrated that the molecular 

rotational dynamics of DCM are only slightly perturbed by the presence of the electric field.  This observation could be 
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viewed as surprising within the context of current conceptual descriptions of the poling process.  These descriptions are 

largely derived from theoretical studies that have predicted significant field-induced molecular order for poling fields in 

excess of 100 V/µm.
13,16,18-24

  However, the poling field used in this study, 50 V/µm, is representative of typical fields 

employed in device construction.  Given a poling field of this magnitude and the dipole moment of DCM (10 D), µE is 

approximately equal to 0.4kT.  Therefore, the amount of thermal energy available to DCM is significantly greater than 

the electrostatic potential energy created by the poling field.  This energetic comparison is consistent with the 

observation that the poling field provides only a modest perturbation to the rotational dynamics of DCM.   

 

The extent of the electric-field perturbation on molecular orientation can be placed in more quantitative terms.  The 

intensity-ratio distributions presented in Figure 5D demonstrate a slight alteration in the presence of the poling field.  For 

an isotropic medium in the absence of an electric field, the time averaged value, <I|| >/<I > or more precisely
 

||
, 

should be unity.  With the application of a poling field, molecular orientation in the direction of the field will be favored, 

and the ratio should become greater than unity.  Using Equations (7) and (12) the effect of the poling field on molecular 

orientation as reflected by the fluorescence polarization intensity ratio expressed in terms of f is: 

 

 

  

||( )
( )

=
1+ 2 + 1

8
f 2

1+ 2 1
8

f 2
   (20) 

 

In the experiments performed here, DCM experienced a poling field of 50 V/µm such that f ~ 0.4, and from Equation 

(20) a slight, 2% increase in the intensity ratio is expected in presence of the poling field.  An increase of this magnitude 

is consistent with the ratio data presented in Figure 5D.  This simple analysis demonstrates that many more single 

molecules would need to be interrogated to definitively measure an intensity ratio shift of this size.  This behavior is 

largely due to the fact that linear dichroism is an even function of the molecular orientation parameter (i.e., 
 
cos

2
) such 

that linear dependence on f vanishes in Equation (20) by symmetry leaving f 
2 

as the lowest-order field dependence 

reflected by this measurement.  In contrast, 
(2)

 techniques, such as second-harmonic generation, are dependent and are 

odd functions of molecular orientation (i.e., 
 
cos

3
),  such that linear f dependence is reflected by these techniques, 

thereby providing a more sensitive measure of orientation for modest values of the poling field and molecular dipole 

moment. 
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