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Single-molecule spectroscopy was used to follow the orientation of a single 
probe molecule in a polymer film in real time. Broad spatially heterogeneous 
dynamics were observed on long time scales, which result from simple diffusive 
rotational motions on short time scales. This diffusive behavior persists for 
many rotations before the molecule's local environment changes to one char- 
acterized by a new time scale. This environmental exchange occurs instanta- 
neously on the time scale of the experiment and may arise from large-scale 
collective motions. The distribution of exchange times for these environments 
was measured for several temperatures near the glass transition. 

Understanding the nature of the glass transi- 
tion has been a problem of interest for over 
half a century (1-9), especially the origin of 
the nonexponential relaxation that governs 
dynamics in supercooled systems at temper- 
atures just above the glass transition temper- 
ature (%). The fundamental question is 
whether dynamics show multiple time scales 
because of heterogeneity in the system, 
where each molecule shows purely exponen- 
tial reorientation (but with time scales that 
vary from molecule to molecule), or whether 
the dynamics are inherently nonexponential. 
Although recent works on related or model 
systems suggest that dynamics are heteroge- 
neous, controversy remains regarding the 
critical issues of distribution, size, and life- 
time of these heterogeneities (1-3, 10-16). 
These questions can be addressed definitively 
with single-molecule spectroscopy (1 7-23), a 
technique that measures the dynamics of the 
ultimate subensemble: the environment of 
one molecule (24). Studying individual mo- 
lecular environments one at a time avoids the 
ensemble averaging that masks these dynam- 
ics in bulk studies. Single-molecule spectros- 
copy can measure the dynamics of any region 
whdre a probe molecule is found, -thereby 
accessing the breadth of the distribution of 
environments, rather than emphasizing a par- 
ticular subset of dynamic behaviors. 

The single-molecule experiments were 
performed with an apparatus similar to that 
used previously (25, 26). Individual mole- 
cules were spatially isolated by diluting Rho- 
damine 6G molecules into 250-nm films of 
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poly(methylacry1ate) (PMA) (T, = 8OC) 
(27). Films were stored under vacuum and 
imaged under nitrogen in order to minimize 
photooxidation. Care was taken to ensure that 
the studied molecules resided within the 
polymer film and not at the interfaces. Typ- 
ical images of single molecules in a PMA 
film are shown in Fig. 1. Because the mole- 
cules rotate on the time scale of the data 
collection, their intensity in the two polariza- 
tions exchanges from line to line in the im- 
ages. This rotational motion can be studied in 
more detail by centering one molecule in the 
laser focus and recording the transient fluo- 
rescence intensity in the two channels. We 
imaged single molecules over the course of 
12 hours and found the translational diffusion 
constant to be -4 X 10-l8 m2/s, which 
allows long transients to be recorded with a 
fixed microscope position. Transients for two 
molecules in PMA are shown in Fig. 2. The 
rotational motion of the molecules can be 
directly observed by the anticorrelation of the 
intensity on the two orthogonal detectors. 
The molecules rotate slowly, on the many- 
second time scale, permitting low excitation 

powers (0.02 FW) and long integration times 
(1 s). Short integration times (50 ms) showed 
no faster dynamics and were deemed unnec- 
essary. The time-dependent intensities in the 
two polarization channels [/l(t) and I@)]  
were then used to calculated the reduced 
linear dichroism A(t) (28-31) 

//(t) - I (t) 
A(t) = 

ll(t) + I (t) (1) 

Use of the reduced linear dichroism pro- 
tects the experiments from artifacts that 
arise in overall fluctuations in the single- 
molecule fluorescence signal due to triplet 
blinking (32), spectral diffusion (19), out- 
of-plane rotation, translational diffusion, 
and laser fluctuations. 

Although orientation changes for single 
molecules have been observed in previous 
single-molecule studies (29, 33), we mea-. 
sured rotational diffusion in real time by di- 
rectly following the orientation of the probe 
transition dipole moment. Individual tran- 
sients yield important information. Visual in- 
spection resolves whether dynamics are spa- 
tially heterogeneous; different molecules 
show rotation on different time scales, an 
indication of spatial heterogeneity. A more 
quantitative picture of these differences can 
be obtained by looking at the autocorrelation 
function C(t) of the dichroism. C(t) was cal- 
culated with the standard method for discrete 
points in finite time series. Confidence limits 
are generated on the autocorrelations such 
that any values between the limits are consis- 
tent with zero (34) 

where T is the total number of data points. 
Typical correlation functions are shown in 

Fig. 2. Most of the correlation functions ex- 
hibit nonexponential decays that can be fit 
with the Kohlrausch-Williams-Watt (KWW) 

Fig. 1. Single molecules rotating in a PMA film. (A and B) These images were obtained simulta- 
neously at orthogonal polarizations (scale bar is 1 ~ m ) .  Bright and dark lines across the molecules 
in (A) and (B) result from molecular rotation on the time scale of a line scan (20 s), as the 
polarization flips from detector to detector. (C) The sum of (A) and (B), where the lines cancel out 
to form an unmodulated intensity image. 
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"stretched exponential" function KWW(t) 

where f i  describes the breadth of the distri-
bution of time scales. This functional form 
does an excellent job fitting the data and is 
convenient because the correlation time 7, 

can be calculated directly from the KWW 
fitting parameters (35). 

The two molecules shown in Fig. 2 exhib-
it very different behaviors; both are in PMA, 
but the molecule in Fig. 2A, whose correla-
tion function is shown in Fig. 2D, has 
T~~~ = 104, P = 0.55, and T, = 175, 
whereas the molecule in Fig. 2C, whose cor-
relation function is shown in Fig. 2E, shows 
T~~~ = 27, P = 0.62, and T, = 39, indic-
ative of the broad distribution of time scales 
associated with systems near T,. Quantifying 
the distributions of time scales from individ-
ual molecules is complicatedby the rotational 
dynamics changing with time for each mole-
cule. The molecule depicted in Fig. 2, A and 
B, makes a drastic jump after 3300 s to 
become dramatically faster. This switching 
behavior causes the dvnamics of each mole-
cule to depend on the molecule's photochem-
ical lifetime. Longer lived molecules sample 
more environments and therefore show 7, 

distributions that are different from those of 
short-lived molecules. It becomes necessary 
to examine not only the parameters derived 
from individual fits, but also the average 
behavior of the ensemble. Measurements in 
PMA at temperatures 5, 10, and 15 K above 
T, give (7,) = 140, 106, and 43 s, respec-
tively, demonstrating that this single-mole-
cule technique probes polymer dynamics as it 
shows the expected slowing of dynamics 
closer to T,. In order to ensure that dynamics 
were independent of excitation rate, we cal-
culated correlation functions for dynamics 
measured at excitation powers that differ by a 
factor of 20; these calculations showed dis-
tributions of T~~~ and PKww that were sta-
tistically indistinguishable. 

Although recreating the ensemble is a 
useful check for the single-molecule tech-
nique, additional information can be 
gleaned from individual transients. A long 
transient for a molecule that switches be-
tween several different environments is 
shown in Fig. 3. Initially, the molecular 
rotation is fast, and then it slows substan-
tially before changing to a third, interme-
diate time scale. With the correlation func-
tion of these individual segments, the dif-
ferences become clear; each segment shows 
dynamics with a P value that is nearer to 
unity than the entire transient. Most dra-
matically, the first section yields a correla-
tion function with 6 = 1, which corre-
sponds to the purely exponential relaxation 
indicative of diffusional rotation. The dif-
fusional behavior at short times dramatical-

ly demonstrates that spatially varying envi-
ronmental heterogeneities can be whol-
ly responsible for the nonexponential 
dynamics. 

Some of the most unexpected behavior 
exhibited by individual molecules is in their 
switching environments. The dynamics for 
individual molecules are well characterized 
by a single time scale that persists for long 
periods of time (many rotations) before rap-
idly switching to dynamics on a different 
time scale. This rapid switching can be seen 
in the transient plotted in Fig. 3. 

The length of time of persistent dynamics 
or lifetime of the heterogeneity can be mea-
sured directly from individual transients. The 
angular change for the molecule as a function 
of time is shown in Fig. 4A. The transitions 
between different rotation rates are clear. The 
lengths of these segments are represented in 
the histograms of exchange times shown in 
Fig. 4, B through D, for molecules in PMA at 
Tg  + 5 K, Tg + 10 K, and Tg + 15 K, 
respectively (36). The exchange time shows a 
distinct temperature dependence, ranging 
from 522 s (standard deviation a = 357) to 
1158 s ( a  = 832) to 3420 s (a = 2526). As 
the temperature decreases, the exchange 
times grow longer and their distribution 

broadens. We found that the exchange times 
range between 10 and 25 times the average 
correlation time at these temperatures, as cal-
culated from the KWW fits to our correlation 
functions. 

Because the molecules are switching local 
environments, the p value for an individual 
molecule depends on the length of the tran-
sient. The P values for a set of molecules as 
well as some short segments of transients in 
PMA at the lowest temperature probed are 
shown in Fig. 5. At very short times, the P 
values are near or equal to unity, but as the 
molecules sample more environments, the P 
values decrease to some limiting bulklike 
value. The longest lived molecules have P 
values that closely approach the bulk, a good 
indication of ergodic behavior. 

The long lifetime of the heterogeneities 
and the rapid switching between time scales 
are molecular details that can be observed 
only in a single-molecule experiment. This 
combination of behaviors is indicative of 
highly cooperative molecular motion. Dur-
ing the lifetime of the heterogeneity at 
room temperature, if the Rhodamine 6G 
molecule were freely translationally diffus-
ing, it would have moved more than 100 
nm, and yet the dynamics remain nearly 
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Fig. 2. Single-molecule rotations in PMA at 291 
K. (A through C) Fluorescence intensity detect-
ed at orthogonal polarizations for two different 
molecules, with the red line depicting s-polar-
ized linht, and the black line depicting p-polar-

1 , ized liiht. The two signals are anticodated as 
2 4 6 the probe emission dipoles rotate in the plane 
Time (10%) of the sample. (B) is an enlarged section of (A), 

emphasizing the anticorrelationof the two sig-
nals. The slow change in total intensity in (A) is attributed totranslational diffusion of the probe 
molecule toward the edge of the focused laser spot. whereas the intensitvfluctuations in (C) result 
from the out-of-plane ;tation of the dye mole'culefreely rotating in tkee dimensions. and E) 
The autocorrelation functions for the linear dichroism calculated from (A) and (C), respectively. 
Both are fit to the KWW function, with (D) giving T,,, = 1 0 4 ,  P- = 0.55, and T, = 175 and 
(E) giving T,, = 27, P,,, = 0.62, and 7, = 39. The correlation function for the total intensity 
of (C) has similar behavior. 
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Fig. 3. Heterogeneous single-molecule dynamics at 291 K. (A) Fluorescence intensity detected at 
orthogonal polarizations for a Long-lived single molecule in PMA. Its correlation function (not 
shown) yields T,,, = 88, P,,, = 0.46, and T, = 21 1. (B through E) The correlation functions of 
the corresponding subsets of the full transient. (B) T,,, = 15, P,,,,,,,, = 1.0, and T, = 15. (C) 
T~,,,,,,, = 112, PKw = 0 . 7 7 , a n d ~ ~  = 130. (D) T,,, = 90, PKw = 0.59,  and^, = 139. (E) 
T~,,,,,,, = 64, PKw = 0.59, and T, = 98. 
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Fig. 4. Dynamic exchange time as a function of 50 
temperature. (A) First derivative of the in-plane 
projection of the dipolar angle as a function of 40 
time. The sharp changes in d0ldt mark transi- 

f 30 tions from one time scale to  another. The ar- 
rows indicate the lifetime of the heterogeneity. 
(B through D) Histograms of the dynamic life- $ 20 
times in PMA at temperatures Tg + 5 K, Tg + 
10 K, and Tg + 15 K, respectively. The average 
Lifetimes are calculated to  be 2420 s (o  = 
1807). 1158 s ( u  = 832). and 522 s (o = 357), 

0 
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Fig. 5. Values of P,,,,,,,, as a function of photo- 
chemical survival tlme in PMA at Tg + 5 K. 

constant on that time scale. This would 
suggest that the molecule resides in a local 
polymer environment that maintains its av- 
erage viscosity for a long period of time as 
the entire environment is either stationary 
or slowly diffuses. This collective retention 
of local viscosity is reminiscent of the 
"cage" predicted by mode-coupling theory. 
When the environment changes, it does so 
in a drastic and nearly instantaneous step, 
revealed by the distinct change in rotation 
rate featured in Fig. 4. Our experiment was 
unable to distinguish between changes in 
dynamics due to diffusion of the probe 
molecule between members of a static dis- 
tribution of heterogeneous environments 
and changes in measured rotation rate from 
evolving dynamics within a single-polymer 
environment. However, similarly abrupt 
motions have been observed in simulations 
of polymer melts, although at temperatures 
far above T,  (37), and also in experiments 
in model colloid systems (11). Motion in 
these systems is characterized by particles 
that show slow fluctuations punctuated by 
occasional sudden cooperative long-range 
translational cage-escape motions. Such 
collective jumps would explain the long- 
lived environments and the rapid changes 
in local environment observed in our sin- 
gle-molecule experiments near T 

g : 
Dynamics that occur on multlple time 

scales have long been considered a hallmark 
of systems near T,. Single-molecule studies 
of rotational dynamics in polymer melts con- 
firm that spatial heterogeneities give rise to 
the characteristically nonexponential dynam- 
ics in these systems. At short times, the poly- 
mers may be characterized by domains that 
each have a particular rotation time. The data 
suggest that these heterogeneities suddenly 
exchange in large collective motions to form 
new domains characterized by new time 
scales. At long times, the molecules have 
experienced enough different environments 
to give nonexponential rotational relaxation 
similar to the bulk. The average lifetime of 
these heterogeneities varies with temperature 
even relatively far (+I5 K) from the glass 
transition, but many questions remain as to 
the relation between this exchange lifetime 
and the onset of the glass transition. 
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Real-Space Imaging of 

Nucleation and Growth in 

Colloidal Crystallization 


U. Gasser,'* Eric R. Weeks.'? Andrew Schofield,' P. N. Pusey,' 
D. A. Weitz' 

Crystallization of concentrated colloidal suspensions was studied in  real space 
with laser scanning confocal microscopy. Direct imaging in  three dimensions 
allowed identification and observation of both nucleation and growth of crys- 
talline regions, providing an experimental measure of properties of the nucle- 
ating crystallites. By following their evolution, we identified critical nuclei, 
determined nucleation rates, and measured the average surface tension of the 
crystal-liquid interface. The structure of the nuclei was the same as the bulk 
solid phase, random hexagonal close-packed, and their average shape was rather 
nonspherical, with rough rather than faceted surfaces. 

The study of the structure, growth, and prop- 
erties of crystals is one of the most important 
areas of solid state physics (1). Although a 
great deal is known about the behavior of 
bulk crystals, considerably less is known 
about their earliest stage, when they nucleate 
and grow from a liquid. Homogeneous nucle- 
ation occurs when small crystalline regions 
form from structural fluctuations in a liquid 
cooled below its freezing point. The growth 
of these regions depends on a competition 
between a decrease in bulk energy, which 
favors growth, and an increase in surface 
energy, which favors shrinkage. The smallest 
crystals continually form by fluctuations but 
then typically shrink away because of the 
high surface energy. Growth becomes ener- 
getically favorable only when the crystallites 
reach a critical size. The competition between 

'Department of Physics and Division of Engineering 
and Applied Sciences, Harvard University. Cambridge, 
MA 02138, USA. 2Department of Physics and Astron- 
omy, University of Edinburgh, Edinburgh, Scotland 
EH9 3JZ, UK. 

*To whom correspondence should be addressed. E-
mail: gasser@deas.harvard.edu 
?Present address: Physics Department, Emory Univer- 
sity, Atlanta, GA 30322, USA. 

the surface energy and bulk energy is reflect- 
ed in the free energy for a spherical crystallite 

where v is the radius. y is the free energy of 
the crystal-liquid interface per unit area, Ap 
is the difference between the liquid and solid 
chemical potentials, and n is the number den- 
sity of particles in the crystallite (2). The size 
of the critical nucleus is rc = 2yl(Akn) ,  
corresponding to the maximum of AG (Eq. 
1). Despite its crucial role, very little is 
known about this nucleation process. primar- 
ily because of the difficulty of directly ob- 
serving the nuclei in real space. 

No experiment has ever directly measured 
the size of the critical nucleus. It cannot be 
determined theoretically-even the surface 
tension is unknown. Furthermore. an addi-
tional important yet unresolved question in- 
volves the internal structure of critical nuclei, 
because nucleation need not occur via the 
stable bulk phase (3). General arguments 
based on symmetry suggest that nucleation 
may proceed by a body-centered cubic (bcc) 
structure as an intermediate phase. with the 
final equilibrium solid phase having a differ-
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