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Supplementary 1 - Rotational Dynamics as Obtained from Single Molecule Measurements 

 

 
Supplementary Figure 1. (a) Rotation time, fit, and (b) stretching exponent,  distributions for single 

molecule rotation at the four temperatures studied. In (a) dashed vertical lines are median values. Median 

 values ranged between 0.61-0.66, with no clear trend as a function of temperature, a finding consistent 

with previous measurements on pPDI in 168 kg/mol polystyrene at these trajectory lengths and over 

similarly narrow temperature ranges.1,2  
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Supplementary 2  

 

Supplementary Note: Estimation of Localization Error 

 

Localization error was estimated both theoretically and empirically. First, following Mortensen et. 

al, Equation 1 was used to quantify static localization error, σ.3,4  
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 and s =  0.55𝜆𝑒𝑚 2(1.17 ⋅  𝑁𝐴)⁄ , where s is the standard deviation of the 

point spread function (PSF), q is pixel size in nanometers, λem is emission wavelength of the probe 

in nanometers, NA is numerical aperture of the objective lens, N is the number of photons 

collected, and b is the background noise per pixel. Using q = 169 nm, NA = 0.95, λem = 556 nm, 

and N and b estimated by backwards conversion of pixel intensity counts to photons,5 localization 

error was calculated to be ≈ 11 nm for 2 s exposure time. Following Michalet, dynamic localization 

uncertainty may be estimated from the static localization uncertainty by, 𝜎𝑑𝑦𝑛𝑎𝑚𝑖𝑐  =  𝜎√1 +
𝐷𝑇𝑡𝜀

𝑠2 , 

where σ is the static localization error, s is as defined above, DT  is the diffusion coefficient and tε 

is exposure time.6 Using the median diffusion coefficient obtained at the highest temperature 

studied via single molecule experiments, 380.6 K with 1 s exposure, the dynamic localization error 

is ≈ 13 nm. Given that this is the upper limit of error due to probe dynamical motion, we conclude 

that static localization error dominates localization error for the conditions used in this study.  

Experimentally, movies of N,N’-dipentyl-3,4,9,10-perylenedicarboximide (pPDI) probes in 

168 kg/mol, polystyrene were taken at 300.0 K (Tg – 74.3 K) for 2000 s at 0.5 Hz continuously to 

estimate localization error and related quantities. Localization error was quantified following 

tracking of individual molecules, with typical trajectories being 70 frames. Median step size 

obtained from these trajectories was found to be 9 nm. This finding was independent of time 

between frames (TBF), with native time between frames of 2 s and longer time between frames 

achieved by removing frames from the movie before identifying molecules and linking their 

positions into trajectories (Supplementary Fig. 2a). These results are in good agreement with 

the theoretical prediction. 

Despite step size distributions that remain stable as a function of TBF, this experimental 

variable does affect apparent width of the diffusion coefficient distribution when diffusion 

coefficients are obtained from single molecule mean square displacements (Supplementary Fig. 

2b). Additional discussion of dependence on time between frames is included in Supplementary 

3. Radius of gyration (Rg) calculated as described in the Methods section of the main text for 

individual trajectories associated with the 2 s TBF trajectories from this data set are shown in 

Supplementary Fig. 2c, with a median value of 2.2 nm.7  
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Supplementary Fig. 2. (a) Step size distributions for molecules tracked at 300.0 K at 2 s and 40 s time 

between frames (TBF). Median and distribution width are invariant to TBF. (b) Diffusion coefficient (DT) 

distributions for molecules tracked at 300.0 K at 5 different TBF. As a function of increasing TBF, distribution 

width decreases. (c) Distributions of radii of gyration (Rg) for molecules tracked at 300.0 K at 2 s and 40 s 

TBF. Median is invariant to TBF while distribution width decreases with increasing TBF.  
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Supplementary 3  

 

Supplementary Note: Translational Dynamics as Obtained from Single Molecule 

Measurements 

 

As for data collected far below Tg (Supplementary 2), data collected at temperatures above Tg 

was analyzed as a function of time between frames (TBF) to assess possible effects of this 

parameter on distribution width and median diffusion coefficient. At each temperature studied, 

multiple TBFs were analyzed for the same movies by deleting intermediate frames. While the 

distribution width of DT values changed substantially as a function of TBF for molecules detected 

at 300.0 K (Supplementary Fig. 2b), at higher temperatures this was not the case 

(Supplementary Fig. 3a). At 300.0 K, as molecules may be assumed to be immobile, any 

difference in DT distribution width with increasing TBF is assumed to be due to noise and the ways 

in which noise influences DT calculations. Although a similar level of noise is present in movies 

collected below and above Tg, decrease in distribution width is seen only at 300.0 K, suggesting 

the wide DT distributions seen at higher temperatures are not determined by noise, particularly 

when movies are analyzed at relatively large TBF.  

While the width of the diffusion coefficient distribution decreases for molecules measured 

at 300.0 K with increasing TBF, the median value of the diffusion coefficient itself is stable, 

reflecting the noise floor of the measurement, as described in Supplementary 2. In contrast, at 

higher temperatures median diffusion coefficient obtained decreases as TBF increases, 

consistently following a dependence characterized by DT = 74.8(TBF)-1.14 (gray trendline, 

Supplementary Fig. 3b).  

Noting that such behavior could emerge from a variety of sources, we further assessed 

median diffusion coefficient in a variety of manners. First, in an attempt to suppress possible noise 

contributions to obtained diffusion coefficients, instead of removing frames to achieve movies with 

greater TBF, frames between assessed points were summed before feature finding and particle 

tracking. Calculations associated with equations presented in Supplementary 2 suggested this 

would improve static localization accuracy while having minimal impact on dynamic localization 

accuracy. Assessing diffusion coefficients in this manner at select TBF values did not significantly 

change median diffusion coefficients obtained (Supplementary Fig. 3b, stars).  

Additionally, we conducted a frame rate sweep, in analogy to that described for rotational 

measurements in Reference 8 to determine a single median diffusion coefficient using data from 

movies at all TBFs assessed. This was informed by the recognition that the same molecules were 

not necessarily assessed at each TBF even though the raw data was identical, potentially leading 

to sub-ensemble selection, with faster molecules being overrepresented in movies with shorter 

TBF and slower molecules overrepresented in movies with longer TBF. Moreover, in each movie, 

molecules could be found (and lost) more than once in the particle tracking process. To eliminate 

both issues, a frame rate sweep analysis was performed that assured one instance of each 

molecule found was preserved across all TBF. In this analysis, for each molecule (identified by 

its position) within a movie or across movies that differed only in TBF analyzed, the instance 

chosen was that which yielded the lowest diffusion coefficient. This instance was chosen as it 

should provide a lower bound on translational enhancement over rotation at each temperature. 
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This method resulted in distributions with significant contributions from every TBF studied at each 

temperature, yet both the distribution of and the median DT values at each temperature remained 

similar to that found at TBF = fit. (Supplementary Fig. 3b, open circles). Given these findings, 

data taken at TBF = fit is used for further analysis except where noted, as this yields diffusion 

coefficients similar to those of other approaches investigated and provides constant average 

rotational motion between assessed positions across temperatures.  

 

 

Supplementary Fig. 3. (a) Full width at half max (FWHM) of diffusion coefficient distributions at each 

temperature studied as a function of TBF. Data collected at 300.0 K shows a clear decrease in FWHM as 

a function of TBF, an effect not seen at the four other temperatures. Open circles indicate FWHMs obtained 

from frame rate sweep distributions, which tend to be wider than single-TBF distributions. (b) (filled circles) 

Median diffusion coefficients DT as a function of TBF. Median DT decreases with TBF for all temperatures 

except 300.0 K. (stars) Median DT values obtained when intermediate frames are summed rather than 

deleted to increase TBF. (open circles) Median DT values from frame rate sweep analysis at each 

temperature. Each point contains molecules assessed at each TBF but are placed on the x axis to 

correspond with TBF = fit for comparison. Gray dashed line is the best fit of log(DT) vs. log(TBF) data. (c) 

Median diffusion coefficient DT as a function of TBF in terms of fit.  
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Supplemenary 4 - Quasi-Ensemble Assessments of Rotation and Translation 

Supplementary Fig. 4. (a) Quasi-ensemble (QE) ACFs obtained from averaging all single molecule linear 

dichroism ACFs. The QE ACFs were fit to the same stretched exponential equations as described in 

Methods to obtain fit,QE, QE, and c,QE. QE values are lower than single molecule median values, ranging 

from 0.46-0.50 rather than 0.61-0.66 but c,QE values are very similar to median c values obtained from 

single molecules. (b) Quasi-ensemble MSDs obtained from averaging all single molecule MSDs obtained 

at TBF = fit for each temperature. Lines are best fits to the first six points in the MSD, which are used to 

obtain DT,QE values. DT,QE values are larger than single molecule median DT values, as shown in 

Supplementary Fig. 6.  
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Supplementary 5 - Imaging Fluorescence Correlation Microscopy Data 

 

 

Supplementary Fig. 5. Typical imFCM data obtained for pPDI in 168 kg/mol polystyrene and fits to 

Equation 2 in the Main Text. At intermediate temperatures, such as 380.0 K, both modes of the relaxation 

can be captured simultaneously with a movie of practical length (≈  5000-10000 frames). At other 

temperatures, such as 430.0 and 377.2 K, only a single mode (translation and rotation, respectively) is 

accessible for movies of similar length. To conveniently acquire data leading to accurate values in both 

modes, frame rates were adjusted to optimize data collection for a given mode, as shown in the 430.0 and 

377.2K data above. For the purposes of this work, all rotational and translational imFCM measurements 

were recorded and fit separately.  
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Supplementary 6 – Additional Debye-Stokes-Einstein Breakdown Information 

 

 
 

Supplementary Fig. 6. (a) The same data presented in Fig. 1c in the main text with the full distribution of 

diffusion coefficients from single molecule measurements shown as small green symbols around the 

median value (large green circles) as well as results from quasi-ensemble analysis of data shown in 

Supplementary Fig. 4 (purple circles and triangles). (b) The same data shown in (a), excluding full 

distributions, shown over the temperature range interrogated with single molecule measurements.  
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Supplementary 7  

 

Supplementary Note: Debye-Stokes-Einstein Behavior and Assumptions 

 

The DSE and SE equations are given by 𝜏𝑐 =
4𝜋𝜂𝑟𝑠

3

3𝑘𝑇
 and 𝐷𝑇 =

𝑘𝑇

6𝜋𝜂𝑟𝑠
, respectively, where c and DT 

are the rotational correlation time and translational diffusion coefficient, respectively, T is 

temperature, rs is hydrodynamic radius of the probe, and η is host viscosity. Using the 

assumptions inherent in these equations describing the motion of a sphere in a hydrodynamic 

continuum, 𝐷𝑇𝜏𝑐  =  
2

9
𝑟𝑠

2. 9–11 Translational data obtained from imFCM and Volgel-Fulcher-

Tamman extrapolation of rotational data converge at the three highest temperatures probed to a 

value DTc ≈ 0.25 nm2, yielding a physically reasonable pPDI radius estimate of 1.06 nm in 168 

kg/mol polystyrene. 

With this in mind, together with findings described in Supplementary 3, Supplementary 

Fig. 7 shows DTc vs TBF in terms of (a) fit and (b) real time. Plotting this value vs. TBF in terms 

of fit leads to data that exhibits a degree of collapse, with the same functional form as the data in 

Supplementary Fig. 3b. When interrogated, on average, over a timescale associated with ≈ 30 

fit (when TBF/fit ≈ 1), independent of temperature, molecules explore a region of ≈ 100 nm2, an 

area associated with rotational-translational decoupling of 2.6 orders of magnitude when 

compared to the expected value of 0.25 nm2. For the two lowest temperatures explored, the value 

of DTc shows signs of plateauing with increasing TBF, perhaps suggesting the onset of distinct 

behavior at these low temperatures. At the two higher temperatures, no sign of a turnover is 

present, and the data can be extrapolated to the point at which no breakdown would be present, 

a value of TBF ≈ 150 fit. This value is in relatively close agreement with extrapolations from solely 

rotational measurements performed on pPDI in 168 kg/mol polystyrene at similar temperatures, 

which suggested full ergodicity restoration at ≈ 80 fit.2   

 

Supplementary Fig. 7. (a) DTc vs. TBF in terms of fit at each temperature. Gray dashed line is the same 

line shown in Supplementary Fig. 3b. Gray dotted line emphasizes results at TBF/fit ≈ 1. (b) DTc vs. TBF 

in terms of seconds. Black dashed line represents DTc value if no DSE breakdown were present.   
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Supplementary 8 

 

Supplementary Note: Additional Single Molecule Scatter Plots 

 

As discussed in the Main Text, single molecule data at each measured temperature showed 

limited correlation between rotational dynamics as reflected in c and translational dynamics as 

reflected in DT. To assess to what extent this may be related to the fact that translational dynamics 

were typically assessed for only a subset of the full time over which rotations were assessed, 

several approaches were taken. First, instead of comparing c and DT, fit and DT were compared 

(Supplementary Fig. 8a). Because fit describes the initial decay of the linear dichroism (LD) 

autocorrelation function (ACF), it does not include contributions from the long-time tail often 

present in the LD ACFs. Despite this, correlation was similar between both approaches 

(Pearson’s R = 0.0035 for c vs. DT and R = -0.056 for fit vs. DT for data collected at 375.8 K, for 

example). Additionally, as Rg requires no fitting in the way that DT does, c and Rg were compared 

to determine rotational and translational correlation outside of the context of MSD fits 

(Supplementary Fig. 8b). Correlation is similarly low for c and DT as for c and Rg (Pearson’s R 

= -0.17 for c vs Rg at 375.8 K). Further, to attempt to remove the role of trajectory lengths that 

differed in rotation and translation, we explicitly only considered frames over which DT was 

interrogated; this data also revealed limited correlation (Supplementary Fig. 8c). Similarly, a per-

molecule approach wherein only the exact frames over which molecules were tracked for 

translational analysis were used to determine rotational correlation times (Supplementary Fig. 

8d). All reveal similar scatter plots and limited correlation, indicating that differing trajectory 

lengths are not the primary driver of this lack of correlation seen also in Fig. 2 in the Main Text. 

Finally, results obtained from molecules identified through the frame rate sweep (Supplementary 

3) were analyzed in terms of fit vs. D and c vs. D (Supplementary Fig. 8e) as well as via DTc 

vs. DT (Supplementary Fig. 8f). Somewhat stronger correlations were found via frame rate 

sweep compared to molecules assessed through the standard approach using TBF = fit; for 

example, at 375.8 K Pearson’s R = 0.0035 from c vs. DT at TBF = fit, and R = - 0.17 for the 

comparable frame rate sweep. For DTc vs DT, Pearson’s R = 0.72 for TBF = fit, and R = 0.86 for 

the comparable frame rate sweep. 
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Supplementary Fig. 8. (a) fit vs. DT single molecule scatter plots at each measured temperature. Dashed 

black line represents the DSE expectation for all graphs where such a line is present. The trend is the same 

as for the c vs. DT scatter plot shown in the Main Text in Fig. 2a. (b) c vs. Rg single molecule scatter plot. 

The trend is similar to that seen in c vs DT.  (c) Scatter plot of fit and c vs. DT for data collected at 375.8 K 

when molecules are analyzed rotationally only over the frames used to track translation, reducing the total 

number of frames analyzed in rotation from 5000 to 1300. Correlation remains similar to that seen in (a) 

and Fig. 2a in the Main Text. (d) fit and c vs. DT for data collected at 375.8K when molecules were analyzed 

rotationally only over the exact frames used to track translation per molecule, a reduction in total number 

of frames analyzed from 5000 to a median of 300 per molecule. Correlation remains similar to that seen in 

(a) and in Fig. 2a in the Main Text, though fewer molecules can be assessed in this manner as rotational 

autocorrelation functions cannot always be well fit for such short trajectories. (e) Scatter plots of fit and c 

vs. DT  for molecules identified through frame rate sweep analysis at all temperatures. Correlation remains 

similar to Fig. 2a in the Main Text. (f) Scatter plots of DTc vs. DT for molecules identified through frame rate 

sweep analysis at all temperatures. Correlations remain similar to though somewhat stronger than those in 

the Main Text Fig. 2a and b.  
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Supplementary 9 

 

Supplementary Note: Translational Diffusion Coefficients of Molecules Stratified by 

Mobility 

 

As discussed in the Main Text, stratifying molecules based on radius of gyration allows molecules 

with very slow dynamics to be retained for further analysis. This is in contrast to stratification 

based on obtained diffusion coefficients from MSD analysis, due to the fact that analysis of such 

molecules may yield negative, unphysical diffusion coefficients. Below, we show diffusion 

coefficients, including negative ones, obtained from mobile and immobile molecules, with 

identification of molecules as mobile or immobile as described in the Main Text. Consistent with 

expectation, molecules deemed immobile tend to have very small diffusion coefficients with a 

narrow distribution, and have a much larger relative incidence of negative diffusion coefficients 

than do mobile molecules (Supplementary Fig. 9a-d). When only mobile molecules with positive 

diffusion coefficients are considered, for those temperatures in which a significant number of 

molecules are retained (377.6 and 380.6 K), distributions remain similar to those shown in Fig. 

1b in the Main Text (Supplementary Fig. 9e).    

 

 
Supplementary Fig. 9.  (a-d) Diffusion coefficient distributions of mobile molecules and immobile 

molecules at (a) 373.0 K, (b) 375.8 K, (c) 377.6 K, and (d) 380.6 K. Molecules that returned a negative 

diffusion coefficient, indicating large localization error relative to movement are included to illustrate the 

high proportion of negative DT molecules flagged as immobile. (e) DT distributions at each temperature 

including only molecules identified as mobile.  

 

 

 

 

 

 

 



14 

 

Supplementary 10 - Additional Characteristics of Mobile and Immobile Molecules 

 

 

 
Supplementary Fig. 10.  (a) Median c vs. temperature for mobile and immobile molecules. Immobile 

molecules tend to have larger c values. (b) Stretching exponent  vs. temperature for mobile and immobile 

molecules. Mobile molecules tend to have lower  values, suggesting these molecules have experienced 

more dynamic environments, consistent with more translational motion through distinct regions. (c) c vs. 

DT single molecule scatter plot analogous to Fig. 2a in the Main Text only for molecules identified as mobile. 

The trend and correlations are similar to those seen in Fig. 2a of the Main Text, though there are fewer 

molecules present at the lowest temperatures investigated since many molecules at these temperatures 

are identified as immobile. Black dashed line indicates DSE/SE expectation.  
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Supplementary 11 – Step Size Distributions 

 
Supplementary Fig. 11. (a) Step size distributions of 300.0 K data (as also shown in Supplementary Fig. 

2a) compared to step size distributions of data collected at temperatures near and above Tg at TBF = fit. 

Step size distributions at the higher temperatures exhibit non-Gaussian tails distinct from data collected at 

300.0 K. (b-e) Same data presented in (a) with data from each temperature near or above Tg presented 

separately and on a linear scale. 
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