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Abstract

Measurements of the integrated fluorescence yield of Rhodamine 6G (R6G) in
levitated microdroplets (4 to 16 um diameter) display a size dependence which is
attributed to a decreased probability per excitation cycle of photochemical bleaching
as a result of cavity-enhanced spontaneous emission rates. The average number of
fluorescence photons detected per molecule in 4 pm droplets (where emission rate
enhancement has been previously demonstrated) is shown to be approximately a
factor of 2 larger than the yield measured for larger droplets where emission rate
enhancement does not occur. Within some simple approximations, these results
suggest that essentially no emission rate inhibition occurs in this system. A
mechanism based on spectral diffusion is postulated for the apparent absence of

cavity-inhibited emission and is illustrated by Monte Carlo calculations using time-
dependent lineshape functions.
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Introduction

One of the fundamental sensitivity limitations in the fluorescence detection of
single dye molecules in solution! is the finite number of photons which can be emitted
by the molecule before irreversible photochemical bleaching occurs, or fluorescence
yield. The fluorescence yield is directly proportional to the spontaneous emission
rate,2,3 however, in bulk solution, the emission rate of a particular molecule is
essentially fixed for a given solvent. It is now well-known that the spontaneous
emission rate of atoms or molecules can be modified (enhanced or inhibited) by
placing the emitting species in a small-volume optical enclosure.4,5 Recently, it has
been shown that the spontaneous emission rate can be significantly enhanced in a
microdroplet environment for dye moleculesé and chelated ions7 through coupling of
emission into morphology dependent resonances (MDRs) of the droplet. This effect
could, in principle, increase the fluorescence yield for dye molecules thereby increasing
sensitivity. However, since the emission profile overlaps several droplet MDRs,
cavity-inhibited emission8,9,10,11 was also initially expected to occur; thus it was
unclear whether the combination of emission rate enhancement and inhibition would
result in a net increase in the fluorescence yield.

Here we show that a significant increase in the fluorescence yield for R6G in 4
and 5 um diameter glycerol microdroplets relative to the photon yield for larger
droplets (> 10 um diameter). These results indicate that the combined effects of
emission rate enhancement and inhibition do not cancel completely. Using the
previously measured emission rate constants,6 the relative fraction of molecules
whose emission rate is inhibited is estimated to be very nearly zero. We propose a
model based on spectral diffusion!2 in which the transition frequency is not fixed but
undergoes random shifts13 as it is perturbed by the motion of the solvent in response
to the change in the dipole moment of the chromophore upon excitation. On roughly
the same time-scale as the (free-space) radiative lifetime, the width of a spectral line
becomes dynamically broadened which allows the excited state to sample a
progressively larger range of frequencies which eventually encompasses at least one

droplet MDR.

Fermi’s golden rule, 14 given in Eq. (1), provides a basic understanding of how
emission rates may be modified in small-volume



optical cavities. The rate of spontaneous emission from state j to state i can be
estimated from the expression

2;
Ai—>j=‘h—:(i|Hij i) p(w) (1)

where <i | Hij | j > is the (volume-normalized) Hamiltonian matrix element
representing the atom-field interaction, and p(w) is the density of final photon states
at the emission frequency . In bulk media, p(w) is essentially a constant over a
small range of optical frequencies so the emission rate will be approximately
independent of . When the dimensions of the optical enclosure become comparable
to the emission wavelength, the vacuum photon state density becomes

redistributed5 so that p(w) is much larger than the free-space value when ®

corresponds to a cavity resonance. Conversely, p(®) is much smaller than the free-

space value when o is non-resonant. Therefore, the emission rate may be enhanced

or inhibited depending on whether the emission frequency corresponds with a cavity
resonance provided the cavity resonance spacing is much larger than the spectral
linewidth.16

For optical transitions, this condition implies cavity dimensions on the order of
microns which can be satisfied by using micron-sized high-refractive index liquid
droplets.Cavity effects in microdroplets are well known and arise from morphology
dependent resonances (MDRs)17 of the droplet which occur at specific values of the

size-parameter, X, defined as X = 2nr /A , where r is the radius of the sphere and A is

the wavelength of light. These resonances have very high Q’s (103 - 108) and
processes such as stimulated emission18 and lasing19,20 as well as enharnced energy

transfer21 have been reported in droplets. Recently, Campillo and co-workers’ have
reported enhancement (and inhibition) of the spontaneous emission rate for chelated
europium ions in a stream of falling (10 pm diam.) ethanol droplets and demonstrated
the unique frequency dependence of the enhanced emission.

In our previous investigation of the temporal distribution of fluorescence
emission from R6G in levitated microdroplets,6 the fluorescence decay kinetics
observed for larger droplets (2 10 um diam.) were found to be essentially the same as



in bulk solution. For smaller droplets (4 - 8 um diam.) however, the fluorescence
decay showed two distinct decay components: a slow component with essentially the
same time constant as the bulk, and a second much faster decay component whose
relative amplitude and decay constant increased with decreasing droplet size. The
increase in the decay constant of the fast component with decreasing droplet size was
consistent with the expectation that the enhancement should be proportional to the
free spectral range. 14 Analysis of these results showed that a 12-fold increase in the
spontaneous emission rate constant occurs for R6G in 4 pm diameter glycerol
droplets over the decay constant measured in bulk solution.

Because the emission profile overlaps several droplet resonances, it was
initially expected that an inhibited rate component should also occur due to emission
at frequencies between the cavity resonances. However no inhibited emission was
observed, and it was originally assumed that the absence of an inhibited rate
component was due to experimental parameters in the time-correlated photon
counting apparatus which emphasized the short-time behavior of the fluorescence
emission. We have further investigated the question of cavity-inhibited emission of
dye molecules in liquid microdroplets by examining the integrated fluorescence yield
as a function of droplet size. Since the number of fluorescence photons emitted per
molecule should be proportional to the rate constant for spontaneous emission
averaged over all molecules in the droplet, the fluorescence yield should be sensitive to
the relative fraction of molecules with enhanced and inhibited emission rates as well
as the magnitude of emission rate enhancement and inhibition. For droplet diameters
between 7 and 16 um, the average fluorescence yield was observed to be independent
of droplet size, while approximately a two-fold increase in the fluorescence yield was
measured for 4 um diameter droplets relative to the larger sizes. These results
suggest that the combined effects of enhanced and inhibited emission rates do not

cancel completely and further suggest that the fraction of molecules with an inhibited
emission rate is very small.

Experimental
The experimental apparatus is similar to that previously describedl except
that a second photomultiplier has been added to increase sensitivity. Briefly, a three-

electrode structure similar to that employed in ion-trap mass spectrometers is used



to levitate glycerol droplets.22 Two f/1 collection optics view the droplet at +/- 1350
with respect to the direction of propagation of the (cw) Ar+ excitation laser. The laser
was horizontally polarized, with an intensity at the droplet of about 500 W/cm2. A
nominal total measurement time of 200 seconds was used to accurately determine
the mean background level. R6G concentrations in glycerol ranged from 1 to 4 x 10-9
M, corresponding to about 100 molecules in the smallest droplets and a few thousand
molecules in the largest ones.

Droplets were produced from a piezoelectric pipet23 with a 40 um diameter
orifice. Control over the droplet diameter was obtained by diluting the R6G/glycerol
solutions with varying amounts of water. Droplets leave the pipet with approximately
the same diameter as that of the pipet orifice and, after rapid evaporation of the
water, a glycerol droplet is left whose volume is roughly proportional to the degree of
dilution. Droplet diameters were determined with an estimated uncertainty of = 10 %
by measuring the distance between reflected and refracted glare-spots24 from laser
illumination using an eyepiece reticle with rulings corresponding to 1 um. At the end
of a fluorescence measurement, the mean background is subtracted from the data
set and the integrated fluorescence signal is normalized by dividing by the number of
molecules in the droplet calculated from the concentration and droplet diameter. This
normalized signal represents the average number of fluorescence photons emitted per
molecule wlich we term the fluorescence yield.

Results and Discussion

Figure 1 shows the fluorescence count rate at both detectors versus time for a
10 um glycerol droplet containing = 1000 R6G molecules. The total number of
fluorescence photons after background subtraction for this droplet was 5.5 x 106,
giving a fluorescence yield of 5500 photons/molecule. Figure 2 shows the average
fluorescence yield as a function of droplet diameter. About 10 droplets of a given size

were analyzed and the error bars represent +/- 1 6.  For droplet diameters between

7 and 20 pum, the average fluorescence yield is 4800 photons/molecule and is
independent of diameter. At droplet diameters of 5 and 4 jum, average fluorescence
yields were determined to be 8900 and 10500 photons per molecule, respectively.
Even though the relative uncertainty for the smaller droplets is larger due to the
higher relative error in the diameter measurement, the increase in the average

fluorescence yield of about a factor of 2 is clearly significant.
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Figure 1. Typical two-channel fluorescence data for R6G (concentration was 3.16 x
109 M) in a 10 um glycerol droplet. The integrated signal is 5.5 x 106 counts.
Dividing by the number of molecules in the droplet(= 1000) gives a fluorescence yield
of 5500 photons/molecule.
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Figure 2. Average fluorescence yield vs. droplet size. Symbols represent an average
yield from several droplets of the same size. Error bars are +/- 1 .



An estimate of the relative amplitude of cavity-inhibited spontaneous emission
can be obtained by relating the observed increase in fluorescence yield for R6G in 4

um droplets to the emission rate averaged over all molecules in the droplet. As shown
by Hirshfeld,3 the integrated fluorescence yield, @, is proportional to the ratio Agy/kpy

where Aqp is the spontaneous emission rate and kyp, is the photobleaching rate.
Assuming that kpy, is unaffected by changes in photon state density (i.e., due only to
the local solvent-chromophore environment), we can write an approximate expression
for ® in terms of the inhibited and enhanced emission rate constants, A; and Ae, and

their respective fractions fj and f, as

@ = Dkl (Av/Ap)f; + (Ae/Ap)fe + fi] (2)

where @, represents the average fluorescence yield in the bulk (droplet diameters >
10 um), and Ay, and f;, represent the bulk emission rate constant and the respective
fraction. The quantity inside the square brackets in Eqn. 2 thus represents the
average emission rate (relative to the bulk) over all molecules in the droplet.

If photon emission occurs with roughly equal probability over the free-spectral
range (but with different time dependence), it is easily shown that the quantity inside
the square brackets in Eq. 2 is equal to 1. That is, the enhancement and inhibition
effects exactly cancel and no net increase in the photon yield can occur. The value of
® for 4 um droplets can also be estimated in the other limit where the inhibited
fraction, fj, is equal to zero. The decay constants Ae and Ab are known from our
fluorescence lifetime measurements, and the fraction of molecules in the droplet
which interact with the droplet MDRs can be estimated from the ratio of mode-
volume to droplet volume.19.25 For a 4 um diameter glycerol droplet, this ratio is
approximately 8%, so that fo = 0.08. Substituting a value of 12 for (A¢/Ap),6 the
fluorescence yield in the limit where f; = 0 should be 1.9 times larger than the bulk.
The agreement of the measured average fluorescence yield (for R6G in 4 pum
droplets) with the latter limit suggests that the fraction of molecules with an inhibited
emission rate is very small. Thus, there must be some mechanism by which the

excited state can sample a frequency range large enough to couple emission into the



droplet resonances.

Recently, solvent-chromophore dynamics in liquids have been probed by
several different experimental techniques.12,26,27,28 29 Using time-resolved
fluorescence depolarization measurements, Stein and Fayer12 have shown that the
perturbation of the excited state dipole by the solvent results in a dynamical
broadening of a spectral line on the same time sca as the radiative lifetime of the
chromophore. These authors make the distinction between the fast (fs) thermal
motions of the solvent, which give rise to the pure homogeneous dephasing, and the
much slower (ns) response of the solvent to the change in the dipole moment of the
chromophore upon excitation. The latter process gives rise to spectral diffusion which
causes dynamical (time-dependent) broadening of the spectrum. Similar behavior
has been also observed in the solid state at cryogenic temperatures by Moerner and
co-workers30 where perturbations due to conformational changes in the host crystal
produce center frequency shifts in the fluorescence excitation spectra of single guest
molecules.

In the picture described by Stein and Fayer, the spectral linewidth in solution is
not fixed, but changes with time. Following an excitation pulse at time near t = 0, the
linewidth is the homogeneous width that arises from (femtosecond) collisional

dephasing due to thermal motion of the solvent molecules. As t — oo, the

chromophore has sampled the entire range of solvent-dipole configurations and the
transition can occur at essentially any frequency with some probability give by the
inhomogeneous profile. The rate at which the width of a dynamically broadened line
changes depends on how fast the solvent molecules can respond to the change in the
dipole moment of the chromophore after excitation. From Stein and Fayer’s value for

the solvent relaxation rate for glycerol at room temperature, the dynamic width is
estimated to reach 1/2 of the inhomogeneous width (= 600 cm-1) in a time of roughly
1 fluorescence lifetime (3.6 ns). Thus, the excited state can eventually sample a large
enough frequency range to access a cavity resonance irrespective of the initial
transition frequency.

These dynamical solvent-chromophore interactions should strongly affect the

distribution of emission frequencies and emission times for dye molecules in a liquid

microcavity. Consider a transition which has a (nonresonant) center frequency, @, in



the midpoint between two cavity resonance frequencies. At time t=0 following
excitation, the density of photon states in the range of frequencies within the
homogeneous width is small thereby inhibiting emission of a photon. As the spectral
line becomes dynamically broadened, there is a significant probability that the
emission can occur at a new frequency, o, near a cavity resonance frequency where
the photon state density is much higher. This would result in virtually all photon
emission to occur near the cavity resonance frequencies provided that the spectral
diffusion is sufficiently rapid. Thus, in this scenario, very few photons would be
emitted at non-resonant frequencies and thus at an inhibited rate.

In order to illustrate this effect, Monte Carlo calculations were performed to
model the distribution of emission times and fréquencies in a system where the
transition frequency is allowed to randomize on the same time scale as the radiative
lifetime. A dynamic width function was approximated3l using Stein and Fayer’s
experimental measurement of the solvent relaxation rate for glycerol at room
temperature which defines the spectral width as a function of time. The initial
(homogeneous) width was taken to be 100 ¢m-! fwhm, and the inhomogeneous width
at t = o was taken to be 600 cm -1 fwhm.12 A “clock” was incremented in 20
picosecond steps, and after each time step a decision was made whether to end the
calculation based on a comparison of the integrated emission probability to a random

number.

In the Wigner - Weisskopf approximation,32 the probability of photon emission
has a time dependence given by

where we have incorporated a frequency dependence in the decay constant, Yw),

expressed as

cav(®)
= Daal 2 Yo

e Phutk(®) (4)

where p.q,(®) and pp,(®) are the cavity and bulk density-of-states functions



respectively, and vy is the decay constant in bulk glycerol (0.27 ns-1).

The approximate photon state density function for the cavity was constructed
by assuming a cavity Q of 103 and a Lorentzian form for the resonance and a
resonance spacing of 700 cm-1; values which should be realistic for a 4 pm glycerol

droplet.33 We further assumed that, over the frequency range of interest, ppyik(®) =

constant. These functions for the cavity and bulk medium were then constrained so
that

L Peay(®@ do = fA Ppulk(®) dw (5)

where Ac is the free spectral range.

In calculating the emission probability, tae argument, Y(w), in Eqn. 3 was taken

to be an average over the homogeneous lineshape function, L(w, w.), expressed as

L (0, ) = L
0 = T @-0yl + (727 (6)

where o, is the center transition frequency, and I' is the homogeneous width. The
ratio, pcav(®c) / Ppulk(®e) in Eqn. 4 was then replaced by an average value

<Peav(0e)>/Ppylk(0;) given by

pbulk(wc)

fo Ppu®) L(w,0,) do

The integrated emission probability was computed at each time step using Eqns. 3
and 7 and compared to a random number generated at the start of the calculation. If
the random number is larger, a new center frequency, ®,, is randomly selected from
the time-dependent lineshape function whose width is determined by the dynamic
width function using standard Monte Carlo sampling techniques.34 This “diffusion” in

frequency space is then continued until the integrated emission probability becomes



greater than the random number and a record is made of the frequency and the time
at which the emission occurred.

To illustrate the effect of spectral diffusion in a microcavity environment, two
different spectral origins (center frequencies) were chosen. In the first (resonant)
case, the origin was chosen to correspond to a cavity resonance, and in the second
(non-resonant) case, the origin was located in between two resonances. Figure 3
shows the distribution of emission times for both resonant and non-resonant center
frequencies. In both cases, the emission time distribution is described well by single

exponential decay with time constants significantly smaller than the bulk decay

constant. As expected, the decay constant for the non-resonant case (y = 0.87 ns-1)

is slightly smaller than for the resonant case (y = 1.05 ns-1). Because the transition

frequency is not fixed, the result of spectral diffusion in a microcavity is that virtual'y

all emission is coupled out through the resonances.
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Figure 3. Monte Carlo simulation of emission time distributions for resonant (a),
and non-resonant (b) center frequencies. A step size of 20 picoseconds was used with
20000 samples and a homogeneous linewidth of 100 cm-1. Curves are single-
exponential fits to the calculated emission time histograms, with decay constants of
1.03 and 0.85 ns-l for the resonant and non-resonant cases respectively. The
dashed curve (c) shows the “bulk” emission time distribution for comparison.



This is further illustrated by the simulated distribution of emission frequencies
shown in Figure 4. For both resonant and non-resonant cases, the emission
frequency distribution maps the cavity resonances with virtually no probability of
emission in the 'inhibited’ region between the resonances. Similar emission frequency
distributions have also been observed experimentally in Fabry-Perot microcavities by
Yokoyama and coworkers.35 Dispersed emission from these structures clearly

mapped the cavity resonances and shows very little (if any) emission intensity at
non-resonant frequencies

¥ T
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Figure 4. Simulated emission frequency distributions for resonant (a), and non-
resonant (b) center frequencies. Both distributions have been normalized to give unit
area. The origin of the time-dependent transition frequency distribution was set to
zero for both cases. Note that for both (a) and (b), there is negligible probability of
photon emission in between the cavity resonances.

The purpose of these calculations was to qualitatively illustrate the effect of
solvent-chromophore dynamics on the emission properties of dye molecules in liquid
microcavities. We believe that these simulations, in which the transition frequency is



not constrained to be fixed, demonstrate the effect of spectral diffusion in a
microcavity environment. Elimination of emission rate inhibition through spectral
diffusion is consistent with both the absence of an inhibited component in the
previously measured fluorescence decay kinetics and the increased fluorescence yield
in the 4 and 5 um droplets reported here. If one assumes that the fraction of
molecules whose emission is inhibited is small compared to the enhanced fraction (an
assumption which appears justified on the basis of our model calculations), Eq. 2
predicts that the increase in fluorescence yield should be approximately a factor of 2
which is in good agreement with the experimental results. It therefore seems likely
that spectral diffusion strongly influences the distribution of emission frequencies so
that emission preferentially occurs near cavity resonances.

If the inhibited emission rate component in our system is truly eliminated
through spectral diffusion, it seems important to account for the observation of
inhibited emission of chelated europium ions reported by Campillo, et al.7 In the case

of chelated europium species the observed d — f transitions involve electrons which

are shielded from solvent perturbations. That is, in a case where there is very little
inhomogeneous broadening, spectral diffusion cannot occur thus “fixing” the
transition frequency. In such a case it seems likely that inhibited emission can occur.
In addition, the requirement for elimination of éavity-inhibited emission through
spectral diffusion is that the solvent reorganization occur on the same time scale as
the excited state lifetime. If the solvent response time is much longer than the free-
space radiative lifetime (i.e., in a glass or solid matrix), it then seems likely that, in

such a case, the distribution of emission times will show an inhibited component.

Summary and Conclusions

Measurements of R6G fluorescence yields in microdroplets have revealed a
size dependence which is attributed to a net decrease in the probability per
absorption-emission cycle of photochemical bleaching. This effect derives from an
increase in the average spontaneous emission rate as a result of coupling of emission
into droplet MDRs. A two-fold increase in the average number of fluorescence
photons detected per molecule has been observed for R6G in 4 um droplets over the
yield measured at larger diameters which is interpreted in terms of a net increase in

the average spontaneous emission rate. These results are consistent with previously



measured R6G fluorescence decay kinetics in microdroplets and suggest that the
relative amplitude of cavity-inhibited emission in this system is very small. We have
proposed a mechanism based on randomization of transition frequencies on a time-
scale comparable to the excited state lifetime, illustrated by simple Monte Carlo
calculations, which can account for the virtuél elimination of cavity-inhibited
emission in this system. It is also clear from these results that cavity-QED effects
associated with microdroplets offer a substa: ‘ial sensitivity advantage for
fluorescence detection of single molecules.
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