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Abstract

Diffusion processes of Rhodamine 6G (Rh6G) dye molecules dissolved in a small hemisphere drop of glycerol on a cover glass were
investigated by using a confocal fluorescence microscope equipped with an objective lens with a high numerical aperture (NA =1.35). Photon
burst signals from Rh6G molecules in the bulk glycerol and on the air—glycerol interface of the hemisphere drop were separately detected at
a single molecule level. The analysis of the photon burst signals by a correlation function method reveals that a sizable portion of the Rh6G
molecules in the drop are aggregated on the air—glycerol interface and diffuse two-dimensionally on it, while the rest diffuse molecularly in
the bulk. The aggregates are found to have a diffusion constant 15 times as large as that of the Rh6G molecule in the bulk glycerol, although
the aggregates have a hydrodynamical radius much larger than that of a Rh6G molecule.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and the bulk give totally different environments on the solute
molecules.

Glycerol has been a subject of considerable and long-  As for other liquids, extensive studies have also been un-
standing scientific interest. The presence of three hydroxyl dertaken to elucidate the fundamental properties of the inter-
groups makes glycerol a particularly complex system as faces by taking advantage of various surface-sensitive tools
hydrogen-bonded fluids. In bulk glycerol, each glycerol [5-7]. In any case, molecules targeted for the investigation
molecule is bound by hydrogen bonds, of which formation are needed to be abundant enough to attain an acceptable
and disruption are responsible to the high-viscosity of glyc- signal-to-noise ratio. In dealing with a small number of so-
erol[1,2]. On the other hand, the hydroxyl groups of glycerol jute molecules targeted for investigation in a solution, flu-
molecules on a glycerol interface tend to orientinward, while orescence microscopy facilitates detection of weak fluores-
the CH and the Chigroups stick out of the interfa¢8]. The cence signals from the target molecules through measuring
hydroxyl groups on the interface give rise to a high surface bunching signals of the fluorescence instead of measuring in-
tension of the glycerd#]. These findings indicate that solute  tegrated dc signals of the fluorescence, although fluorescence
molecules on the interface of a glycerol solution should be- spectroscopy is not well-compatible with this methodology.
have differently from those in the bulk, because the interface |n addition, the fluorescence microscopy with a confocal con-

figuration is particularly suitable for the investigation of dy-
- namical behaviors of individual fluorescing molecules in a
* Corresponding author. Tel.: +81 47 320 5916; fax: +81 47 327 8030.  solution[8—11].
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cient number of fluorescence photons for the achievement ofphotons were collected by the same objective lens for the
a single molecule detection. Note that the numerical aperturedetection by the silicon avalanche photodiode. In the present
of the objective lens increases with the decrease of its focalconfocal system, photons coming from the outside of the
length and hence the objective lens should have the shortesfocal volume were removed by a pinhole (@t in diame-
possible focal length. The sample and the micrometer shouldter) placed on the primary image plane. The dichroic beam-
be so arranged that the objective lens is located at the closessplitter and a single interference bandpass filter (BP545-580,
possible distance to the sample. Omega Optical Inc.) were used to remove the excitation laser
In the present study, we prepared a hemispherical surfacdight and the Rayleigh- and Raman-scattered light. Both the
of a glycerol liquid containing a trace amount of Rhodamine pinhole and the silicon avalanche photodiode detector were
6G (Rh6G), which can be approached to the top of the ob- mounted orxyztransition stages for precise alignment. Pho-
jective lens at the distance of several tens micrometer, andton signals were acquired by using a multichannel scalar
investigated diffusion of a single Rh6G molecule in a bulk (SR430, Stanford Research System) based on a personal
glycerol and its aggregate on an air—glycerol interface by computer.
using a confocal fluorescence microscope equipped with an
objective lens of a large numerical aperture (NA=1.35). In 2.3. Measurement
practice, the air—glycerol interface of the hemisphere drop of
the Rh6G-containing glycerol solution on a cover glass was A 100puL Samp|e solution was dropped on a cover g|ass,
placed ata distance of several tens micrometer from the top ofand was wiped back and forth until it became hemisphere
the objective lens by taking advantage of the fact that glycerol drops with diameters of several tens micrometers. The cover
has a high surface tension. Bunching signals of fluorescenceylass was approached to the objective lens as closely as pos-
from Rh6G were measured by changing the position of the sible. At the first place, the excitation laser beam was fo-
objective lens, with adjusting the focal point of an excitation cused above the air—glycerol interface of a hemisphere drop,
laser either on the air—glycerol interface or the inside of the namely, the focal volume is located just above the interface
hemisphere drop. of the drop. Then, the focal volume was lowered-bypm
with moving the objective lens downward, and the fluores-
cence signals were measured. The same measurement was

2. Experimental repeated by lowering the focal volume by anotkér.m and
_ _ S0 on, so that the most appropriate location was discovered
2.1. Materials and sample preparation for collecting the fluorescence signals from a desired place

(air—glycerol interface, inside, etc.) of the drop ($&ég. 1).

At first, a concentrated Rh6G solution in glycerol was The fluorescence was detected and counted with the gate time
prepared. Then, a working solution was prepared by serially of 1.31 ms. One peaked signal collected in the gate time of
diluting the solution with glycerol down to 2.5nM, and was 131 ms is designated as ‘fluorescence photon count’ whose
stored in aglass vial wrapped in an aluminum foil for preven- heightis measured as counts per 1.31 ms, while a bunch of flu-
tion from photo-degradation. Commercially available glyc- orescence photon counts resulting from a fluorescing species
erol (Kanto Chemical Co. Inc.) and Rh6G (Eastman Kodak (a single Rh6G molecule or its aggregate) traversing across

Co. Inc.) were used without further purification. the focal volume is designated as ‘photon burst’ consisting of
a finite number of fluorescence photon counts varying with
2.2. Apparatus the trajectories of the fluorescing species together with the

spatial intensity distribution of the excitation laser beam.
The confocal fluorescence microscope system used con-

sists of an inverted microscope (IX70, Olympus Inc.), a CW

argon ion laser (177G, Spectra-Physics) for the excitation of (a)

Rh6G, and a silicon avalanche photodiode (Model SPCM, *

EG&G Canada, a quantum efficiency ©f75% and a dark

noise of~7 counts/s) as the detector of fluorescence. The (d) (c)

inverted microscope is equipped with an oil immersion ob- ‘ i
jective lens having a numerical aperture of 1.35 (UplanApo l(e) z
100x). The argon ion laser was introduced into the objec- (b)
tive lens after being reflected by a dichroic beam-splitter and
was tightly focused onto a sample solution. Under irradi-
ation of the argon ion laser at 488 nm, a Rh6G molecule ¥

in the focusing region (designated as focal region or focal X

volume) of the objective lens, in which the excitation laser Fig. 1. Schematic diagram in the vicinity of the probe region of the apparatus

is the most tightly focused, emits 460 1¢° photons/s by employed: (a) excitation laser, (b) objective lens, (c) hemisphere drop of
repeating absorption and emission cycles. The fluorescenceylycerol, (d) cover glass and (e) fluorescence.
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A hemisphere drop with-25pm in radius can be treated
as having a flat surface inside the focal volume, because the
excitation laser is tightly focused in-al um? spot, where
the difference in height between the center and the brim of the
cross-sectional area of the focal volume on the interface is as
large as 1014 m[12]. All the measurements were conducted
at the temperature of 307 K.

Frequency

0 8 16 24 32 40 48
Photon burst counts

3. Results Fig. 3. The histogram given by solid bars represent the height distribution
of the fluorescence photon counts in the high photon bursts (consisting of
3.1. Time evolutions of fluorescence photon counts fluorescence photon counts higher than 40 counts/1.31 ms), which are ob-

tained by extracting them from the time evolution measured at the depth of

. . . 0wm. The histogram given by striped bars represent the height distribution
Fig. 2(a and b) shows time evolutions of fluorescence pho- of the fluorescence photon counts, which is obtained from the time evolution

ton counts when the excitation laser beam is focused by themeasured at the depth of 144n. Solid and dotted lines represent the fitting
objective lens on the air—glycerol interface of a hemisphere exponential functions to the histograms.

drop of glycerol (defined as the depth ofuth) and at the

depth of 14.9um inside the drop from the interface (defined

as the depth of 14,8m). Each arrow irFig. 2o indicates a  drop, and that (striped bars) (derived fréiig. 20) when the
photon burst signal generated from a single Rh6G moleculefocal volume is inside it; the abscissa and the ordinate repre-
traversing through the focal region. As showrFig. 2o, the sent the height and the frequency of the fluorescence photon
signal-to-noise ratios for the photon bursts detected at thecounts, respectively. A photon burst is observed when a sin-
depth of 14.9um (inside the glycerol hemisphere drop) were gle fluorescing particle (Rh6G molecule or its aggregate) in
not satisfactorily high, although the instruments are so ar- @ Brownian motion is traversing the focal volume. There-
ranged deliberately in the present measurement system thatore, the height distributions carry information on both the
Rayleigh-scattering light of the excitation laser intensified fluorescence intensity and the trajectories of the fluorescing
due to the high-refractive index of glycerol is attempted to particle together with the spatial intensity distribution of the
be minimized by minimizing the thickness of the glycerol e€xcitation laser beam.

solution between the focal region and the top of the objec-

tive lens. The widths and the_z intensities _of the p_hoton_ bursts 3 3 correlation analysis

detected at the air—glycerol interface ($ég. 2a) differ sig-
nificantly from those detected at 14181 deep inside the drop

The average width of photon bursts observed during a
(seeFig. 2b). g P g

time-evolution measurement was estimated by using a corre-
lation analysisFig. 4shows the autocorrelation of the photon
3.2. Height distribution of fluorescence photon counts bursts calculated from the time evolution showrFig. 2b.
The correlation analysis relates the number of the fluores-

Flg 3 shows a typ|CaI histogl’amic helght distribution cence photon Coun@(t)' at timet, with thOSE,C(t""L’), at
(solid bars) of the fluorescence photon counts observed intime t+ 7. By integrating the produciC(t)C(t+ 1), over a
the photon bursts (derived froRig. 2a) when the focal vol-  measurement time period@;,, on the premise that a suffi-
umeis located on the ail’—glycerol interface of the hemisphere Cienﬂy |arge number of photon bursts are acquired’ the auto-
correlation functiorG(z) [13] is obtained as
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Fig. 2. The fluorescence photon bursts consisting of low and high fluores- o ' 20 ' 40
cence photon counts of Rh6G at the depths of (ajn0and (b) 14.9um Time (ms)
measured from the air—glycerol interface of a hemisphere drop of glycerol

containing a trace amount of Rh6G dye. The arrow indicates the photon burstFig. 4. The autocorrelation of the photon burst signals calculated from the
signal generated from a single Rh6G molecule. time evolution shown irfrig. 2b.
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Fig. 5. The time evolution measured at the depth pi® (a) is used to
derive the time evolution of the fluorescence photon counts higher than
40 counts/1.31 ms (b). (c) The cross correlation function in the fluorescence
photon counts in the high photon bursts thus obtained is shown.

where G(1) is not normalized over the measurement time
period, Tm. As shown inFig. 4, G(t) which is the largest at
=0 decreases monotonically with time

Photon bursts observed at the depth ofin® (the
air—glycerolinterface) contain both fluorescence signals from
the air—glycerol interface and the bulk glycerbld. 2a), be-
cause a spatial resolution (abougih) in the direction of
z-axis is insufficient to discriminate the contribution of the
bulk. In order to characterize a diffusion process of a fluo-
rescing particle on the air—glycerol interface, the width of the

Photobiology A: Chemistry 171 (2005) 215-221

gate, by analyzing the height distributions (solid and striped
bars ofFig. 3) of fluorescence photon counts from the inter-
face and the bulk; the frequency of the fluorescence photon
counts having a height of (count per 1.13 ms) is given by
h(x). This function has such a character that even if the con-
centration and the excitation rate of a fluorescing particle are
increased by times, the same functional form is obtained
by elongatingy-axis (the frequency of the fluorescence pho-
ton counts) and-axis (the height of the fluorescence photon
counts) byn times, respectively. Assuming thhfx) for a
given fluorescing particle is reproduced reasonably well by
a statistical distribution functiorf(x), a height distribution

of fluorescence photon counts given by a different particle
fluorescingn times as many photons as the former one under
the same measurement condition is reproduced by a function
f(x/n). Namely, with increasing the fluorescence intensity by
n times, x-axis representing the height of the fluorescence
photon counts should be elongatedrbymes.

For simplification of the mathematical treatments, an ex-
ponential functiorAexp(—2X) is introduced as the fitted dis-
tribution functionf(x). Comparing the functiongx/n) with
Aexp(=xx), one obtains that the exponehtjs proportional
to 1/l (A o< 1/n). The validity of using the exponential func-
tion, Aexp(=Ax), as the fitting function tb(x) was confirmed
by * x=-test of goodness-of-fit-methofi4,15] Utility of the
exponential function enables us to remove the uncertainty
introduced from the background noise (Po) as follows: sub-

photon bursts assignable to the interface was estimated by &titutingx with x — Po, inf(x), one obtains

cross-correlation analysis. Firstly, the time evolution of the
fluorescence photon counts purely from the air—glycerol in-

terface was obtained by extraction of the fluorescence photon

counts higher than 40 counts/1.31 ms from the time evolution
measured at the depth ofudn (on the air—glycerol interface)
(seeFig. 2a); as shown later, the fluorescence photon counts

f(x) = Aexp(=Ar(x — P0))= A exp(.Po) expEix)
= A’ exp(—ix) (2

The exponentsis and Ap) of f(x) obtained from the height
distributions of fluorescence photon counts related to the

higher than 40 are considered to be generated from fluoresc-air—glycerol interface and the bulk were obtained to be 0.07

ing particles on the interface. Secondly, the time evolution
thus obtained was cross-correlated with the time evolution
measured at the depth ofudn. The cross-correlation func-
tion (seeFig. 5 thus obtained is related to the fluorescence
photon counts purely from the air—glycerol interface.

4. Discussion

4.1. Intensity of fluorescence photon bursts and
aggregation of Rh6G on air—glycerol interface

As described above, a photon burst consisting of weak

and 0.34, respectively. By using the relatiarny 1/n, the in-
tensity ratio|l¢/lp, turns out to be.p/As=4.5, wherds andly,
represent the average fluorescence intensities of the fluores-
cence photon counts from the air—glycerol interface and the
bulk, respectively.

As shown in Figs. 2b and 3, fluorescence photon counts
collected from the bulk glycerol in which Rh6G molecules
are dissolved homogeneously and separately, are found
to be smaller than 40 counts/1.31 ms), while as shown in
Fig. 2a, fluorescence photon counts higher than 40 are the
most abundant in probing the fluorescence collected from
the air—glycerol interface. Much higher fluorescence photon
counts in probing the air—glycerol interface than those in the

fluorescence photon counts is observed when one Rh6Gbulk glycerol lead us to conclude that Rh6G molecules are
molecule traverses the focal volume in the bulk glycerol (see aggregated on the interfaces and fluorescence photon counts
Fig. 2b), while a photon burst consisting of strong fluores- higher than 40 are generated mostly from a single aggregate
cence photon counts is observed when an aggregate of Rh6Graversing through the focal volume located in the vicinity of
molecules traverses, as observed on the air—glycerol interfacehe interface.

(seeFig. 2a). In order to substantiate the above statement, we Let us estimate the size of the aggregate of a Rh6G on the
derive information on the average intensity of fluorescence air—glycerol interface. Under irradiation of the 488 nm laser
being emitted by a Rh6G molecule and that by a Rh6G aggre-on the air—glycerol interface of a hemisphere drop of glycerol
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containing Rh6G, the fluorescence intensity of a Rh6G aggre-namic radius of a Rh6G molecule or an aggregate of it and
gate per constituent Rh6G molecule is apparently changed bythe viscosity of glycerol.

(1) reduction of the quantum-efficiency per Rh6G molecule  Fig. 4 shows the autocorrelation function calculated for
due to non-fluorescent quenching of excite states of the ag-Rh6G molecules in a bulk glycerol. The translational corre-
gregatg16—20] (2) change of the absorption cross-section lation function for a Rh6G molecule, which has three trans-
per Rh6G molecule due to a blue shift of the corresponding lational degrees of freedom, entering and leaving the probe
absorption peak of the aggregate on the interface in compari-volume is given theoretically as in Ref&1,22]

son with that of a Rh6G molecule dissolved homogeneously L 12

and separately in the bulk glycerol, and (3) change of the fluo- T\ T O\

rescence wavelength of the Rh6G aggregate due to a red shiftG(T) - Gb(o)<1 + f_Db> (1 + qztDb> + Const

of the fluorescence wavelength in comparison with that of a 3
Rh6G molecule dissolved homogeneously and separately in

the bulk glycerol. The change of the fluorescence intensity is Whereq is wz/wxy, andw; andwyy are the 16 probe deptha)
estimated as follows: (1) the ratio of the quantum-efficiency and the 1¢° radius at the focal plane, respectively, in the con-
of the Rh6G aggregate to that of the Rh6G molecule is re- focal microscope. The paramet€(0), is the second power
duced to 0.0716-20] (2) the excitation efficiency of the  of the intensity of fluorescence from the Rh6G molecule in
Rh6G aggregate is 1.5 times as large as that of the Rh6Gthe bulk andrp, is the diffusion time of the Rh6G molecule
molecule, and (3) the detection efficiency of the fluorescence across the probe volume. For a propagating Gaussian laser
of the Rh6G aggregate on the interface is reducesQ® beam focused by an objective leasy is given byif/ndo,
times as large as that in the bulk. By taking these into con- WhereJ is the laser wavelength in the vacuufrthe focal
sideration, the fluorescence intensity per constituent Rh6Glength of the objective lens,the refractive index of the me-
molecule from the Rh6G aggregate on the air—glycerol inter- dia (h=1.52 for immersion oil) ando the radius of the laser
face amounts te-6.0x 103 (=0.02x ~1.5x ~0.2) of the beam. The ¥? radius at the focal plane is calculated to be
fluorescence intensity of the Rh6G molecule. The average450 nm under the present experimental condition. In princi-
size of the Rh6G aggregate formed on the air—glycerol inter- ple, the 1¢? probe depthz) in confocal microscopy is derived
face is given by the fluorescence-intensity ratigl ¢ = 4.5) from a point-spread function and a collection-efficiency func-

divided by the fluorescence-intensity chang@@ x 10-3); tion. In practice, however, the depth is primarily determined

the average size turns out to be 4.56610~3 ~ 7.5 x 1(2. by the spherical aberration of the objective lens, and is given
The number density of Rh6G molecules on the air— t0 bew;=1.0um [12]. The probe volume with a cylindrical

glycerol interface increases uptd.0° molecules/r, which symmetry amounts to 0.64 fL.. Using a nonlinear least square

is calculated by using the results that high photon bursts minimization routine for fitting Eq(3) to the autocorrela-
(consisting of fluorescence photon counts higher than tion shown inFig. 4, one obtains the average transit time of
40 counts/1.31 ms) of Rh6G aggregates are observed at a ratep, = 47.9ms As the average transit time is related to

of ~14 counts/s and the radius of the hemisphere drop is the diffusion constard as

~25pm. In return, the Rh6G concentration inside the hemi- 2
sphere drop decreases down~0.1nM from the concen- p _ ©xy (4)
tration (2.5 nM) of a freshly prepared solution, since almost ™D

e K1GG s e codere o 0510 D son consancy
Ir=gly ' ! ve. ! glycerol is calculated to be 1.0610-12m?/s by using Eq.

tlcrml;) tk\]/elp:rc])bafbnnyl \?flf'rr:]dm? g%th?r? trg?llgéurl: Iln thle (4). The Stokes—Einstein equation gives the relation of the
probe volume (focal volume) is 0.09 so tha OIECU'ES it 1sion constant of a given molecule in a fluid continuum

inside the hemisphere drop should be det_eqted ata Slnglewith the radius of the molecul@) and the macroscopic vis-
molecule; actually low photon bursts (consisting of fluores-

cence photon counts lower than 40 counts/1.31 ms) were ob-COSIty of the fluid () dependent on the fluid temperatuig (

served when the probe volume was located inside it. Unless

otherwise, the probability of finding one Rh6G molecule in _ kT 5)
the probe volume should increases up to 0.62 and the photon™ ™ 655

signals should be semi-continuous.

of a Rh6G molecule in the bulk

wherek is the Boltzmann constant. By using the glycerol
4.2. Diffusion of Rh6G in bulk glycerol temperaturd of 307 K andDy, of 1.06x 10-12m?/s, the ef-

fective hydrodynamic radius of a Rh6G moelcuels is obtained

The average width of photon bursts is obtained from the to be 5.0 nm, which is almost the same as the effective hy-

correlation analysis of the photon bursts; the width is related drodynamic radius of a Rh6G molecule in ethanol solution,
to the average transit time (across the probe volume) of in- in which Rh6G molecules are not aggregd@l. This find-
dividual Rh6G molecules or aggregates emitting the photon ing indicates that Rh6G molecules are dissolved separately
bursts. The average transit time also relates to the hydrody-in glycerol without any aggregation.
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4.3. Fast diffusion of Rh6G aggregate at the air—glycerol are partially disrupted so that the fragility increases and the
interface density decreasd8]. If the molecular picture for the bulk
viscosity is applicable to estimate the viscosity of glycerol in
The molecular dynamics calculation has revealed that thethe vicinity of the air—glycerol interface, the viscosity should
interface region of glycerol, commonly defined as the re- be ~102 times as large as that in the bulk glycerol on the
gion over which the density changes from 90% to 10% of assumption that the free volume of the glycerol interface is
the bulk density, is as narrow agtA [3]. Let us consider a  twice as large as that in bulk (see K@d)).
case that photon bursts from Rh6G aggregates are observed As mentioned in the former subsections, Rh6G molecules
with adjusting the focal volume at the depth qifh. A cen- with the average size of7.5x 10? are swiftly moving on
ter of the focal volume is located in the interface region, but the interface. The radius of a typical aggregate is estimated
a part of it is extended in the bulk. Therefore, it is possi- to be~17 nm by assuming that, (1) the aggregation is spher-
ble that the photon bursts come either from the aggregatesical and (2) the radius of a Rh6G molecule in the present
traveling in the interface region or those in the bulk. If the aggregate is as large as that of a single Rh6G molecule com-
photon bursts come from the aggregates traveling in the bulk,posing a Rh6G J- or H-aggregate, namely 3.6 nm, while a
the widths of the photon bursts of the aggregates should beRh6G molecule in the outermost layer of the aggregate on the
wider than those of Rh6G molecules dissolved molecularly glycerol interface has the hydrodynamic radius of 5nm. The
in the bulk. However, the observed result is opposite to this radius is sufficiently larger than the thickness of the interface
conclusion. It follows that the characteristic time given by the region so that the aggregate is considered to occupy a space
cross-correlation analysis (see the discussion below) shouldacross the border of the bulk and the interface, the interface
be related to the two-dimensional translation motion of the region and the outside of the interface. The diffusion constant
aggregates on the interface. The correlation function of the of the aggregate on the interface varies greatly with changing

two-dimensional translation motion is given [31,22] the volume fractions of the three different regions because
1 of different viscosity constants in the bulk, the interface re-
T ion and the outside. It was found that the viscosity constants
G(t)=Gs(0)| 1+ — + Const 6 9 "
@ s )( TDs> © could change by more than three orders of magnitude.

wheretp, represents a two-dimensional diffusion time in-
side the probe volume on the air—glycerol interface, and 5. Summary
Gs(0) is the second power of the fluorescence intensity of
the Rh6G aggregate on the air—glycerol interface. The term  On the air—glycerol interface, Rh6G molecules are found
in Eq. (6) is contributed from the two-dimensional mo-  to be assembled into aggregates having hydrodynamical radii
tion of the aggregates on the interfaf¥9,20] One ob-  of several tens nanometer. It was shown that the Rh6G aggre-
tainstp, = 3.1+ 1.1 ms by fitting of Eq.(6) to the cross-  gates diffuse two-dimensionally within the interface region,
correlation shown irFig. 5. By using Eq.(4), the diffusion  and the average diffusion constant is 15 times as large as the
constant Ds) of the Rh6G aggregates on the air—glycerol ayerage diffusion constant of Rh6G molecules in the bulk
interface was calculated to be 1.630'*m?/s, which is  glycerol. The average radius of the Rh6G aggregates is esti-
about 15 times larger thaDy,. mated to be larger than the thickness of the interface region if
It has been shown that the free-volume modelis applicable the aggregates are SphericaL and hence the aggregates occupy
to explanation of the high-pressure viscosity data of glycerol 5 space across the bulk, the interface region and the outside
[2]. According to the model given by Doolitf@3]and Cohen  of the interface. The solvation structure of the Rh6G aggre-
and Turnbull[24], the pressure is written in terms of the gates in the vicinity of the interface region affects strongly

viscosity of a liquid as: on its diffusion dynamics because the viscosity constants of
these three different regions differ by more than three orders
n 1 1 .
In{ — ) = BV - @) of magnitude.
no V-V Vo — Vo

whereng andVy are the viscosity and the volume of the lig-
uid at the ambient pressure, respectively. The free volume of
the liquid is represented By— V., and the parametds, is
related to the fragility of the liquid, which is described by the
number of molecules moving cooperatively in order to fa-
cilitate transport of the liquid. A highly networked strong
fluid (large B-value) requires cooperative displacement of
more moieties than a molecular fragile liquid (sniivalue).

The viscosity,n, glycerol is sensitive to the change of its (1] L.J. Root, B.J. Berne, J. Chem. Phys. 107 (1997) 4350.

fr?e V0|UmeV_. because glycerol has a |arB€V?|U€- On an [2] R.L. Cook, H.E. King, Jr., C.A. Herbst, D.R. Herschbach, J. Chem.
air—glycerol interface, the hydrogen bonds in the glycerol Phys. 100 (1994) 5178.
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