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Single Molecule Rotational and Translational Diffusion Observed by Near-Field Scanning
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We have observed rotational and translational diffusion of single molecules using a near-field scanning optical
microscope with two polarization detection channels. The measurements were performed under ambient
conditions with the molecules dispersed on glass or embedded in polymer. In successive images the
fluorescence of single molecules was followed over about 1 h, with 10 ms integration time, until
photodissociation. The position of single molecular fluorescence could be located with an accuracy of 1 nm.
From the lateral diffusion of Rhodamine 6G molecules on glass during successive images, a diffusion constant
of (6.7 + 4.5) x 105 cn?/s was determined. The orientation of the in-plane emission dipole of all molecules

in one image could be directly determined with an accuracy of a few degrees by simultaneous detection in
two perpendicular polarization directions. By rotating the excitation polarization we could selectively excite
different sets of molecules and compare their in-plane absorption and emission dipole orientation. Monitoring
Dil molecules in PMMA over 1 h, we found rotation of less tharf 16 the majority of molecules, while
incidental fast rotation and transition to a dark state occurs. The fluorescence intensity was observed to be
molecule dependent, which is an indication for out-of-plane orientation and different local photophysical

environment.

Introduction dynamic processes like diffusive motion and redistribution of

L . components in polymers and biological membranes. Transla-
Recent advances in single-molecule detection and spectros- P poly 9

copy have opened the possibility to investigate the physical an OIt|onal (lateral) diffusion is directly important because it often

. . - . determines the kinetic rate of certain chemical reactions.
chemical environment at the molecular level. In earlier experi- ; : . er
. . . ._Recently, imaging of single-molecule lateral diffusion has been
ments, laser-cooled ions were confined in an electromagnetic

. PN . . . achieved using sensitive fluorescence microscopy either in the

trap in vacuunt;? giving a high spectral resolution of the isolated 1617k ; U S
. i . far-field,**-17with a time resolution into the millisecond range,
ion. Later experiments reported on the spectral selection of . . 18 .

. ; o . . o or in the near-field® where the trajectory of the molecule could
single impurities in a solid matr®¢ by tuning the excitation . :

. . be recorded during more thd h at theexpense of lower time

wavelength to the absorption band of a single molecule.

: . - resolution. Single-molecule rotational diffusion, recently ob-
Information on the specific local environment of the selected : 0 e N ) o
. served using far-field? is likewise interesting because it is more
molecule could thus be extracted. During the last decade,

. . . sensitive to molecular size and shape than translational diffusion.
improvement in the efficiency of photodetectorand the N - o -
. . . . The exact determination of the molecular orientation is of vital
introduction of scanning (probe) microscopes have taken the. : .
. : mportance in fluorescence resonance energy transfer experi-
single-molecule studies out of the vacuum chamber and create o , .
L - ) " ment£° and in the study of time-dependent phenomena such as
the possibility to observe single molecules at ambient conditions. ) :
; . . ; . . protein and molecular conformational changes.
The first true imaging of immobilized single dye molecules by L . ; )
. ; . We have optimized our near-field optical microsctgéfor
optical means at room temperature was achieved by near-field X . ) . >~ .
. . . - - fluorescence imaging of single molecules with efficient optical
scanning optical microscopy (NSONI)Several exciting single-

molecule experiments have been performed since then. The3|gnal detection and background rejection, combined with long-

S ) . . term stability and high spatial resolution. In the detection path,
emission spectrum of a single molecule at various conditions : . .
. - . 10 the fluorescence signal was separated in two perpendicular
was detected using both near-fielshd far-field method§; L L - .
: : : . polarization directions and detected with two photon-counting
revealing single-molecule spectral jumps. Single-molecular . o . 0
. . ; avalanche photodiodes. By monitoring the relative contributions
fluorescence lifetimes were determifeshowing the local o ; . .
. . o of both polarization components, the in-plane orientation of all
photophysical heterogenelyand the influence of nonradiative . . X . ;
I : molecular dipoles in one image could be directly determined.
guenching in the presence of an aluminum-coated p¥dtié. : e : N -
. . Thus, rotational diffusion and reorientation of single molecules
All these advances show that single-molecule experiments 2 . . . .
. . " . on the 102-10° s time scale was readily visualized and
indeed provide a sensitive tool to study the local environment
- ; - analyzed.
of a single molecule at ambient conditiotts.
For many applications, it is of major importance to follow Experimental Section

t E-mail: A.G.T.Ruiter@tn.utwente.nl. The experimental setup is schematically shown in Figure 1.
® Abstract published ifdvance ACS Abstract§eptember 1, 1997. The NSOM was built into a Zeiss Axiovert 135 TV inverted
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The measurement time is 10 min per image. (e) Shows the relative

movement of the molecules in the images, after compensation for the
detector average drift.
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Figure 1. Near-field scanning optical microscope configuration. The once every 10 min, the molecules in this area could be traced
tip—sample distance is controlled using tuning fork shear-force over more than an hour.
feedback. Both detectors are photon-counting avalanche photodiodes. Rnpodamine 6G (R-6G) and carbocyanine (DikCdye
) ) 5 ) molecules were chosen because of their high photostability, well-

optical microscopé? A subwavelength light source was used  known photophysical properties, and relevance as cell-membrane
aluminum-coated single mode optical fiber (Newport F-SV) with 1y girectly spin coating a 5« 1078 M solution of the dye
an aperture of approximately 100 nm. The 514 nm line from molecules in methanol on a clean 17 thick glass cover
coupled into the coated fiber. The sample was scannedine dye solution on a thin poly(methyl methacrylate) (PMMA)
underneath the fiber and the fluorescence emission from thejayer. The polymer layer was prepared by spinning a solution
sample plane was collected with a 2001.3 NA oil immersion  of 0.5 wt % PMMA in chloroform on a clean glass coverslip at
filtered from the transmitted light using a longpass filter (550 A third set of samples was prepared by spin coating a solution
nm). A broadband polarizing beamsplitter cube (Newport400  of pMMA, already containing the molecules, onto a clean glass
700 nm) was used to separate the fluorescence signal into tWocoyerslip, in order to have the molecules embedded in the
perpendicular polarization components which were then sent nolymer layer. In all three types of samples the resulting

to the detection channels. Photon-counting avalanche photo-coyerage was typically a few dye molecules per square
diodes (APD, SPCM-100 from EG&G Electro Optics) were  micrometer.

used as detectors, which were confocally aligned with the fiber
aperture. Shear force feedback based on a tuning fork sys-
ten?425was used to maintain a constanttigample separation,
using a dither amplitude less than 1 nm. The—ample Lateral Diffusion. Figure 2(a-d) shows four consecutive
distance was typically a few nanometers with a noise level of images of individual R-6G molecules adsorbed on a glass
approximately 1 nm. A personal computer controlled the raster substrate. In these measurements a single APD detector was
scanning of the sample, collected the counts per pixel for eachused, without the polarizing beamsplitter. The integration time
detector, and digitized the z-piezo voltage to create a height per pixel was 25 ms, resulting in a background signal of 15
image of the sample. For excitation polarization experiments, counts/pixel and a maximum signal ofL00 counts/pixel. The
a polarizer and a rotatablg2 plate were placed in the optical total measurement time per image was 10 min. Figure 2e
path before the coupling of the light into the fiber. The displays the relative positions of the molecules shown in the
extinction ratio usually was better than five in the two four consecutive images over the 61.5 um (100 x 100
perpendicular polarization directions. pixels) image region. The positions were calculated by taking
Background fluorescence from the fiber tip itself was their weighted center. After compensation for the instrumenta-
minimized by keeping its length as short as possible (less thantion drift, translational movement of some individual molecules
15 cm length) and removing its plastic jacket. The detection over the glass surface can be readily observed. While some
efficiency of the optical path was optimized for maximum signal molecules appear to be well located and fixed at the sample
collection (collection efficiency was approximately 10%, includ- surface from frame to frame, some other molecules show
ing quantum efficiency of the APD detectors). With an translational trajectories over 100 nm in time spans of 10 min.
excitation power of typically 3 nW at the end of the coated tip From our data, the center of intensity of the different molecules
(as measured in the far field) count rates betweehah@ 16 can be determinéfiwith an accuracy of approximately 1 nm.
counts/s per detector from a single molecule were obtained at Several possible mechanisms can contribute to the translation
a background signal of typically 300 counts/s per detector. By of the center fluorescence intensity location of a single molecule
imaging a sample area of a few square microns approximately over the sample surface. First, thermally induced diffusion of

Results and Discussion
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Figure 3. Seven consecutive single molecule images of Dil molecules on PMMA. A color coding has been introduced to illustrate the relative
contributions of the two perpendicular polarized fluorescence intensities (see text for details). Each image has a scan rarge Dfithmnd

the measurement time per image was 10 min. (a) Shows the relative positions of the molecules with some individual molecules depicted with a
number.

the molecules over the glasair surface can occur. Recently, Finally, the observed lateral mobility can be induced by
this process has been observed at R-6G molecules embeddeihteractions between fiber and molecule. Indeed, occasionally
in a solid polymer host using a near-field optical microsé®pe we have observed the attachment of a molecule to the probe,
reporting a diffusion constant of (26 0.2) x 10715 cn¥/s for resulting in a continuous fluorescence signal during a time period
that system. From Figure 2e, a diffusion constant can be derivedup to a second, eventually ending in photodissociation or
by calculating the mean square displacement, MSD, as adetachment. The location where the molecule detached from
function of time lags ) between the images: the probe could be clearly identified in the subsequent scanline.
The presence of a thin water contamination layer on top of the
MSD(z) = i (F(t) — ?(t-))z sample surface can increasg the _probability ofa probe-in.duced
e ! ] process, because the probe is believed to drag through this layer
Z while scanning over the sample surface, as extensively studied
ST with atomic force microscop$22® However, in these rare cases
the lateral diffusion would have a preferential direction along
the horizontal scan direction. Therefore, the random direction
of molecular mobility, as observed in Figure 2, makes the
occurrence of direct tip-induced effects improbable. However,
tip heating can increase the diffusion rate at the molecules close
to the tip, although this effect can only give rise to temporal
temperature increases of a few tens of degrees, during a few
percent of the total measurement time. Laser desorption due
to transient heating could cause an increase in diffusion rate.
To rule out these probe-induced effects, measurements could

wherer(t) represents the position of the molecule at timEhe
lateral diffusion constanD, for two dimensional diffusion is
given by MSD¢) = 4 Dr. Using this equation, a diffusion
constant of (6.7 4.5) x 1071° cm¥s is calculated, averaging
over molecules in Figure 2e.

Second, apparent lateral diffusion may be observed, being
in fact the result of differences on the spatial location of the
maximum of the fluorescence intensity while no translation of
the molecule occurs. The field from the aperture illuminating
the molecule is nonhomogeneous in strength and in polarization oo . N .
direction?’.2 As a consequence, the location of maximum t_>e performed with dlffer_entlntegratlon times, or a different delay
overlap between the absorption dipole of the molecule and the iMe Petween successive scans.
emerging field from the tip will depend on the orientation of ~ Rotational Diffusion. Figure 3 shows seven consecutive
the dipole. On rotation of the molecule, a shift in the maximum images of individual Dil molecules on a PMMA layer, where
fluorescence intensity location may occur which can extend up image (b) has been intentionally displaced with respect to images
to the aperture siz&. Rotational diffusion of the molecules  (C) to (h). The image scan range was k51.5 um, taking
occurs at a shorter time scale than lateral diffusion, giving rise 100 x 100 pixels with an integration time of 25 ms per pixel.
to a nonlinear behavior of the MSE)(when evaluated at the =~ Measuring on both forward and backward scan resulted in a
molecular rotation time scale. At the time scale of lateral measurement time of 10 min per image. Each image consists
diffusion this can be regarded as an offset at timve 0, MSD- of two data sets, one for each detector. We have colored the
(r) = Mo + 4 Dr, so the slope of the MSD still reveals the data from the ©-detector red and the data from the® @@tector,
correct lateral diffusion constant. Identically, intensity fluctua- detecting the perpendicularly polarized fluorescence, green.
tions on the time scale of a few line scans, which could be due Finally, both data have been added up to create one image.
to spectral jumps or going to a dark state, would result in an Therefore, each image should be viewed as the addition of two
offset of the MSD and yield the same slope and diffusion data sets, one per detector, reflecting the relative contributions
constant. of each polarization component, where equal amounts of red
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and green give yellow. In what follows, the two polarization
directions will be referred to as the “red” and “green” direction.
The peak intensity was about 90 counts/pixel per detector and
the background signal was about 10 counts/pixel per detector.

The images display raw data without any smoothing of filtering;

o 1

was clipped at 55 counts.

Several interesting features can be observed by following the
behavior of some of the molecules from image to image.
Molecule 7 remains fixed with a stationary dipole along the
“green” direction from images (c) to (h), on a time scale of 1
h without photodissociation. Stationary dipoles are also ob-
served for molecule 3 until sudden bleaching occurs during the
scanning of image (g), for molecule 10 from images (c) to (h)
and for molecule 5 from images (b) to (e). These features and
their reproducibility from frame to frame demonstrate the
stability of our set-up and the reliability of our detection system.
In particular, molecules 4 and 5 in images (/) do have
different intensity contributions: while the intensity of molecule
5 remains essentially constant from frame to frame, the relative _Figure 4. Four consecutive single molecule images of Dil molecules

intensity of molecule 4 changes from frame to frame, thus " & 10 nm thick PMMA layer. The scan area is<33um at 200x
200 pixels with an integration time of 10 ms per pixel. The excitation

excluding changes in the excitation. polarization was oriented (a) 90(b) 0°, (c) 45, and (d)—45°.
While some molecules show stationary dipoles on &0

time scale, and some other molecules show rotational activity “red” detection channel. From this observation it can be

from frame to frame or even within one image. This is the concluded that the absorption and emission dipole of the
case for molecule 4 as mentioned above, which appears tomolecule are oriented approximately parallel. The color of most
gradually rotate from the “red” direction toward the “green” of the molecules remained constant during imaging, indicating
between images (b) to (d) and back again to “red” direction g fixed orientation.
from images (f) to (h). Fast rotational activity is observed for By comparing images (a) and (b), one can see that the green-
moleculle 6 with sudde_n fluctuations from one scan line to the giored molecules44 in image (a) are hardly visible in image
other within the same image. (b), so they are oriented mainly in the°afirection. Molecule
Sudden appearance of molecules is also observed on the time changes from green in image (a) to red in image (b), and has
scale of our measurements. For instance, molecules 8 and Yisappeared in subsequent images, which could be a rotation
are clearly present only after image (f). The same occurs with followed by bleaching. The red molecules 81 of image (b)
molecule 2 which is present only after image (d) showing also are not visible in image (a), so they must be oriented mainly in
certain rotational activity. An onoff—on behavior is observed  the @ direction. A similar comparison can be made between
by molecule 1 which emits light in frames (e), (f), and (h) but images (c) and (d), which correspond to the® 4Hid —45°
it is absent during image (g). The sudden appearance/disapexcitation, respectively. For example, molecules 1, 3, and 12
pearance of molecules can be attributed to rotation or to suddeni 6 are only visible in image (c), while molecules 17 and 18 are
changes in the molecular photophysics. The first argument only visible in image (d).
requires a sudden rotation of the molecular dipole perpendicular Similarly to Figure 3 also Figure 4 shows molecules disap-
to the excitation polarization and subsequent reorientation to pearing and reappearing within the same image. For example,
the original in-plane orientation to start reemitting fluorescence, moelecule 8 in Figure 4c vanishes during a few scan lines after
which is unlikely. We believe in the second argument, where \yhich it reappears (Figure 4d) in its original orientation; see
the molecule retains its orientation, while making a temporary Taple 1. A similar behavior in image (c) is observed at the

-45°

transition to a dark nonemitting stafer a spectral jump!0-12 molecule left of molecule 16. This molecule displays transitions
away from the laser wavelength. between emitting and nonemitting state and vice versa over a
Determination of the Molecular Orientation. Using lin- few pixels (16-100 ms) and over several scan lines-(D s).

early polarized light, molecules with their absorption dipole Because the orientation of the molecules prior to disappearance
oriented parallel to the excitation polarization are selectively and after reappearance is identical, a rotational effect of the
excited whereas molecules with their absorption dipole perpen- molecule can be excluded. The observations can be attributed
dicular to the excitation are not. Figure 4 shows a series of to a temporary transition to a dark state or a spectral jump.
four consecutive images of Dil molecules in a thin PMMA Iayer For every observable molecule the ang|e between the “red”
over the same area. The image size is 3 um (200 x 200 detection direction (@ and the in-plane component of the
pixels), with a pixel integration time of 10 ms adding up to emission dipole of the molecule can be derived in a single
about 15 min per image. The polarization directions of the two measurement. This is done by calculating the arc-tangent of

detection channels were colored red)(@nd green (9). The  the square root of the ratio of the measured integrated intensities
excitation polarization direction was rotated from°90a 0° of the molecule in the two detection channels, taking into
and 43 to —45° for images (a)-(d), respectively. account the background counts in each channel. Still, in doing

It can be observed that each image reveals a different so no information on the sign of the angle is obtained. However,
distribution of molecules. Some molecules which are present assuming that the angle between the molecular absorption and
in the one image are absent in the other, and vice versa. Imageemission dipole is zero, which is a good approximation in the
(a) shows mainly green-colored molecules, as the excitation wascase of Dil31-32the absolute angle can be determined by rotating
parallel to the “green” detection channel. Image (b) shows the excitation polarization and comparing the relative intensities
mainly red molecules, for the excitation was rotated ®0the between the various measurements. The calculated absolute
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TABLE 1: In-Plane Molecular Emission Dipole Angles in andlg ~ cog (¢ — 45) sir? (¢), assuming the emission and
Degrees for All 23 Molecules Displayed in Figure 4, for All absorption dipole parallel. The solid line in Figure 5 displays
Four Excitation Polarizations the theoretical detection response curve for in-plane molecules
no. 90 Figure4a OFigure4b 48 Figure 4c —45° Figure 4d excited under 45where the absolute scale of the curve was
1 684 2 504+ 3 56.84 0.7 fitted to the data. The good correspondence between the data
2 69+ 1 59+ 3 63+ 1 68+ 2 and the theoretical curve confirms that absorption and emission
3 65+1 57+3 60.8+0.8 64+ 3 dipole of the Dil molecules are oriented approximately parallel.
‘5" %i% ggii’ n1+1 68+ 2 It is interesting to notice that in Figure 5 molecules 1 and 2
6 8+ 17 124 2 746 display a different intensity, despite their almost parallel
7  —19+12 —184+1 —1842 16+ 1 orientation. This can be explained by two effects.
8 —-14+2 -16+2 First, and most likely, molecule 2 is rotated out of plane,
9 20+1 26=+1 19+1 decreasing the overlap with the excitation and lowering the
10 9£2 9+3 x4 detection efficiency. Betzigt al® reported the observation of
11 22+ 7 1442 13+ 2 10+ 4 : . : .
12 29+ 2 20+ 2 36.64 0.7 field profiles at the aperture according to the theory derived by
13 554+ 1 50+ 2 46.7+ 06 Bethé” and Bouwkam® Figures 3 and 4 do not confirm the
14 2542 44+ 1 presence of these characteristic field components. This is most
15 45+ 2 4142 37.1+0.9 likely due to the imperfect quality of the probe, which does not
16 40+3 37+l satisfy the model of a perfect aperture, i.e., flat circular end
% :4312231% —28+3 :ggiil 0.7 face surrounded by a homogeneous metal film.
19 69+ 3 62+ 3 63+ 2 Second, inhomogeneity of the local environment of the
20 1342 1642 15+ 2 molecules and their different proximity to the aluminum probe
21 39+2 28+ 2 27+1 28+ 4 affects the radiative decay raf&!* resulting in intensity
22 —60+2 —48+2 —46+3 —54x1 differences from molecule to molecule.
23 —61+2 -39+1 —58+4 2 -43+1
Conclusions
f 23:; FIuore;cence from gingle molecules could be Ioca_lized _vvith
A mol 10 a rgsolutlon of apprommately.l nm, dut_e to thg subqlﬁracnon-
v mol 11 limited resolution of the near-field scanning optical microscope.
e mol 14 The trajectories of R6G molecules on glass have been monitored
% mol 21 over an hour. The molecular mobility is attributed to thermal
diffusion. A probe-induced process could also influence the
diffusion; however, no preferential movement along the scan
direction was observed. A lateral diffusion constant of (6.7
4.5) x 10715 cn?/s was determined.
T The benefits of a polarization discriminating detection scheme
8 10 12 in a near-field optical microscope have been demonstrated.
1, N0 Molecular dipole orientations could readily be determined for

all molecule in a single image, showing the possibility of
Figure 5. Scatter plot of the square root of the counts per pixel in the investigating single molecule rotational diffusion on a time scale
90° detector (\/N_go) vs the square root of the counts per pixel intie 0 of 1072—10® s, while simultaneously locating the molecular
detector ¢/No), for 6 molecules from Figure 4c with 49 pixels per  fluorescence with an accuracy of about 1 nm. Dil molecules
molecule. The sol_id Iine_ represents the thepretical detection responsegn and in a PMMA layer were shown to rotate on a time scale
for molecules excited with light polarized with an angle of 45 of minutes, indicating a much lower translational diffusion

angles for the numbered molecules in each of the four imagesconstant as compared to the diffusion constant found for R6G
of Figure 4 are listed in Table 1. From this table it is noticed Melecules on glass. Using different excitation polarizations the
that for molecules oriented along the excitation polarization the @Psolute dipole orientation of stationary single molecules has
angle of the emission dipole of a molecule could be determined P€€n determined. The angle of the in-plane dipole orientation
with an error of only a few degrees. The error increases for WaS measured with an accuracy of a few degrees. The
molecules oriented far from the excitation polarization due to 2Psorption and emission dipole orientations of Dil molecules
the decreased signal to noise ratio. In order to verify the values Weré measured to be approximately parallel.

found in Table 1, an identical calculation was performed on

data measured on the backward scan direction (not shown here). Acknowledgment. We acknowledge Marco Moers, Kees

The angles calculated from that data set were in agreement withVan der .We.rf, and Frgns Segerink for. their t?Ch”‘C?" support
Table 1. and advise in the design of the near-field optical microscope.
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made. In Figure 5 this was done for six molecules taken from
Figure 4c. For each molecule the counts of 49 pixels (in an
area with a radius of 4 pixels around the molecule) are displayed. (1) Itano, W. M.; Bergquist, J. C.; Wineland, D.Sciencel987, 237,
For each pixel the average background per detector wasb12. _
subtracted. With an excitation polarization at°4&nd for g; 3'(?3::;*}’ 5\, \év‘?‘lﬂ‘aeébr'PLEB(]?SRg'eLﬁttlgl%g;%222%35
molecules with an in-plane angle the relative intensities (4) Orrit, M. Bernard, JPhys. Re. Lett 1990 65, 2716.
measured at the two detectors &ye- cos (¢ — 45) cog (¢) (5) Li, L-Q.; Davis, L. M. Rev. Sci. Instrum.1993 64 (6), 1524.
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