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ABSTRACT

A new phase-resolved phosphorescence spectrometer is described which

employs a cv ultraviolet argon-ion laser as an excitation source. The

excitation and phosphorescence radiation is carried to and from the sample

through inexpensive optical fibers. Typical detection limits are less than

85 nM for all of the lumiphores studied. The new instrument is shown to be

applicable to the simultaneous determination of the individual components in

I)inary and ternary mixtures. In addition, the new instrument is used for

the generation of multidimensional data sets. Specifically, the phase-

resolved phosphorescence intensity vs. emission wavelength vs. detector

phase angle setting are collected rapidly (< 10 minutes) for several of the

lumiphores studied. These multidimensional data arrays are subsequently

used for multicomponent analyses.

INTRODUCTION

The first reported observation of low-temperature phosphorescence was

by Wiedmann in 1888 (1). In the following century Lewis and Kasha

established that phosphorescence occurs from the triplet state and that its

excited-state lifetime is significantly longer than that of fluorescence

(2). The first analytical application of phosphorescence was reported by

Keirs et al. (3) more than a decade after Lewis and Kasha published their

findings. In general, the phosphorescence spectrum is much less
,n For

vibrationally structured than the fluorescence spectrum for the same & ,

molecule. Because the phosphorescence spectra of numerous lumiphores are . El

very similar, Winefordner and coworkers explored temporal resolution as an--

analytical selectivity parameter (4-10). r t I,u

> ~r ~ istAvnil and/or
!

a,1
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Luminescence lifetimes can be determined not only in the time domain;

in fact, they were first determined in the frequency domain by Gaviola (11).

Following excitation with sinusoidally modulated light, the resulting

luminescence is equal in frequency, but phase shifted and amplitude

demodulated to an extent which depends on the luminescence lifetime.

Veselova et al. (12) developed a new frequency-domain technique, phase-

resolved fluorescence spectroscopy, which resolves components based solely

on their respective phase shifts. With phase-sensitive detection, the

individual-component spectra of binary mixtures were resolved (12). Mousa

and Winefordner were the first to employ phase-resolved measurements to

phosphorimetry (13). Most recently, McGown and coworkers have explored the

analytical application of phase-resolved fluorescence spectroscopy for

simultaneous resolution of up to six components (14-22).

In the present paper we describe a new fiber-optic-based phase-resolved

phosphorescence spectrometer and have evaluated it for the resolution of

binary and ternary mixtures of several common lumiphores. Several areas were

explored with the new instrument. First, it was shown that fiber-optic

sensors could be conveniently employed for low-temperature (77 K)

phosphorescence measurements. These findings support the initial work of

Heiman, who employed fiber-optic sensors at temperatures down to 4K (23) and

who first noted such measurements. Secondly, data-regression schemes

similar to those described by McGown and coworkers (14-22) and Bright (24)

were used successfully to resolve the individual components of lumiphore

mixtures. Third, detection limits were evaluated. Finally, the advantages

:.,1d disadvantages of this new instrument were compared to those of

iv!; rtments desc ri bed previously. These advantages include simpl it iOd

optical alignment, high light-collection efficiency, the lack or need for a
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quartz Dewar or focusing optics, elimination of interference from bubbles of

boiling cryogenic fluid, compactness, low cost, and sampling versatility.

EXPERIMENTAL

Phase-Resolved Phosphorescence Spectrometer. Figure I shows a schematic

diagram of the new fiber-optic-based phase-resolved phosphorescence

spectrometer. All optical components were rigidly mounted on a 1.3m x 3m

air-suspension optical table (Newport Research Co.). A cw argon-ion laser

(model 171, Spectra Physics, Inc.) served as the excitation source, and was

operated in the UV "all-lines" configuration at an average output power of

up to 500 mW. The output of the laser was sinusoidally modulated in the

0.5-1000 Hz range by means of the signal from a function generator (model

1600, Krohn-Hite, Inc.) applied to the light-control input of the laser

power supply. The depth of modulation was variable and Iepended on the

modulation frequency employed, but in all cases was in excess of 15% and

approached 100% below 30 Hz. Mirrors Ml and M2 (model IOQM20EM.35, Newport

Research Co.) were used to direct the laser output to a Suprasil focusing

lens (L1; f.l.-10 cm) and from there into one arm of an optical fiber

positioned on a fine-adjustment x,y,z translation stage.

The optical-fiber sensor (OFS, Figure 2) consisted of two identical

2.0-in segments of 200-pm diameter UV-grade cladded-multimode fiber (Galileo

Fiber Optics, Inc.). The two segments of the OFS were epoxied (Epotek 320)

together at the distal end in a 3-mm-diameter glass capillary. The glass

capillary was then inserted through the screw cap of a micro sample vial

(cat. no. B7782-1, 15mm x 45mm, American Scientific Products) and held in

place, as shown in Figure 2, by two o-rings. At the distal end of the fiber

the sample vial was placed on the screw cap (Figure 2), so the fiber was

% ,-
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covered by the sample to a depth of at least I cm. The entire vial and

fiber assembly was then immersed directly into the cryogent (liquid

nitrogen).

Luminescence (fluorescence and phosphorescence) radiation was collected

by a second optical fiber whose output end was ridigly mounted in a

stationary fiber-optic mount (FM, Figure 1). The radiation from this fiber

was then focused by a glass lens (L2 ; f.l.-20 cm) into a double

monochromator (model 1680 Spectramate, Spex, Inc.) with a 9.0 nm spectral

bandpass. Because all of the lumiphores that were studied exhibited

emission in the visible portion of the spectrum, a UV-transmitting lens was

not necessary in the emission channel. Detection of the resulting

luminescence was achieved with a photomultiplier (model R928, Hamamatsu,

Inc.) operated at a biasing voltage of -1350 V dc.

Phase-resolved deL-ction (Figure 1) was achieved b9l connecting the

output from the photomultiplier to a fast current amplifier (model 427,

Keithley, Inc.) and from there to a phase-sensitive detector. The phase-

sensitive detector is a simple lock-in amplifier (model 840 Keithley, Inc.)

which is referenced to the laser modulation frequency through the function

generator's TTL output.

Both the ac and dc (steady-state) components of the luminescence are

required for the determination of the luminescence lifetimes by the

demodulation method (25-30). For dc detection, the output from the

photomultiplier was simply connected to a picoammeter (model 414S, Keith1'\',

Inc.) and the dc level recorded by a digital voltmeter (model 8024A, Fluke,

Inc.). To record the ac signal, the photomultiplier output was connected to %

011C input of a two -channe l digit I st orage osci I I oscop' (model 309 1,

Nicolet, Tnc.) referenced to the modulation waveform through an extern.il
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photodiode. The photodfode was used only to monitor the laser's original

modulation waveform. The output from this photodiode was then input to the

second channel of the digital oscilloscope. The two traces (luminescence

and photodiode response), when stored on the oscilloscope screen, provide a

simple positional reference for the phase-shift measurement also. The

entire data collection was interactively controlled by a computer (model

MINC 11/23, Digital Equipment Corp.). All data regression was performed

using an Apple lie microcomputer employing least-squares programs described

elsewhere (24).

Reagents and Materials. Anthracene, acridine, phenazine, 7,8-benzoquinoline,

and S,6-benzoquinoline were all purchased commercially (Aldrich Chemical

Co.). m-Nitrophenol was purchased from Fisher Scientific and p-nitrophenol

acquired from MCB Reagents. Liquid nitrogen was used a- the cryogent for

all phosphorescence measurements. A 1.00 mM stock solution of each

lumiphore was prepared in absolute ethanol (AAPER Alcohol & Chemical Co.)

and sonicated for 30 minutes to insure complete mixing. Synthetic samples

were all prepared in absolute ethanol and no steps were taken to further

degas the samples (31). Upon freezing, each sample decreased in volume to Vb

about 75% of its original value. All concentrations are quoted for the =

samples at room temperature.

General Operation

Iuminescence (Phosphorescence) Lifetime Determinations. While scattered

r-diation from a reflective aluminum surface was monitored, the waveform

from the reference photodiode and photomultiplier were simultaneously stored

on the digital oscilloscope and sent to the phase-sensitive detector. The

~ ' ''"#
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phase-shift and amplitude-ratio between these two waveforms then served as

the reference phase shift ( R) and modulation factor (mR) for the exciting

radiation, respectively (25-27). Ideally, these values represent also the

phase shift and modulation factor at the appropriate emission wavelength.

However, it has been shown that photomultipliers exhibit a wavelength-

dependent temporal response as high as 100 ps/i0 nm (32). For the faster

fluorescence phenomenon this error is significant, but for the longer-lived

phosphorescence the effect is negligible and has been ignored here.

Following the determination of 0R and mR, a sample vial is "mounted"

onto the optical-fiber sensor (Figure 2). The sample and fiber are then

completely immersed into a Dewar containing liquid nitrogen; the sample is

frozen solid in about one minute. For best results a clear glass should be

employed; if a fractured sample is produced, one simply needs to thaw and

refreeze the solution. The desired emission wavelength Is then selected by

the monochromator and the resulting waveform from the photodiode and

photomultiplier are again simultaneously stored and recorded by the digital a,

oscilloscope and lock-in amplifier. The difference between these two

waveforms is the observed phase shift (00) and modulation factor (m0 ),

respectively, for the phosphorescence (28-30). From this set of

measurements bR' 00, mR' and m), the observed phosphorescence lifetime is '%

c:lculated from the shift ( ) as (13):

IN
r = -tan 21)

Lat c

or from the demodulation factor (M):
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where w is the angular modulation frequency (w - 2rf, f-linear modulation

frequency; Hz) and 4 and M are given by:

S-) -0 R (3a)

mo0 R

M I- (3b)

This measurement procedure is repeated at a number of selected

modulation frequencies until the entire 4 vs. f and M vs. f curves have been

generated. This procedure is analogous to the approaches used in

multifrequency amplitude (28) or phase (29,30) fluorimetry. Of course, a

luminescence lifetime can be calculated at a single modulation frequency, .

but the complexity of the decay process cannot be studied unless several

modulation frequencies are employed (33). For twenty modulation frequencies

over the 0.5-1000 Hz range and at a single emission wavelength, this entire

procedure takes approximately one hour to complete. The rich information

content of such data can reveal the number of different emitting species in L

a sample and the fractional contribution of each to the total luminescence

signal (25-30,34,35).

Phnse-Resolved Phosphorescence: Spectral Acquisition. Before the samples

are frozen, the phase of the lock-in amplifier is adjusted to nullify the

fluorescence contribution from the samples. Afterward, the recorded

emission is due only to phosphorescence (13). For most of the samples thvt

wc rt' s;tudied, the fluores;cence intensity decreased slightly upon freez ing ol

,lie solution, and the phosphorescence signal correspondingly increased.
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Phase-Resolved Phosphorefscence: Component Resolution. The procedure and

theoretical considerations of quantitative multicomponent resolution using

phase-resolved techniques have been described in detail elsewhere (21,24).

Briefly, a series of single-component standard solutions was employed and

the dependence of the phase-resolved phosphorescence intensity (PRPI) on

detector phase angle (lock-in amplifier phase setting) was measured as a

function of emission wavelength. Multicomponent sample mixtures were then Pr
.1'

run under identical conditions and a least-squares data-regression approach

(24) employed to determine the concentrations of the individual components.

Selectivity is based on the difference in phosphorescence lifetimes of the

in1(ividual components and on any possible wavelength discrimination (21,36).

RESULTS AND DISCUSSION

Phosphorescence Lifetime Determinations. Table I shows the individual

phosphorescence lifetimes determined for 10 .4 M solutions of the seven

lumiphores used in this study. Each value is the average of 10 replicate

measurements of scattered light and luminescence at a 30-Hz modulation 1,

frequency. Two sets of lifetimes are reported in Table I, the first being

those determined by the phase-shift approach (Eqn. 1) and the second those

determined by demodulation measurements (Eqn. 2). "'

Several trends can he noted upon close inspection of these results.

First, the precision of the phase-shift approach is poorer than that for the

defmodulation method, mostly because of the difficulties associated with

locating the exact maximum of the sine curves stored on the digital P

oscilloscope. Importantly, we could have employed the lock-in amplifier for

for lifetime measurements also; however, we did not because of the
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A insufficient readability of the lock-in amplifier's phase setting. Second,

all except the first-entered sample of p-nitrophenol exhibited simple first-

order decays. This first p-nitrophenol sample is clearly heterogeneous

(25,16); at least two ground-state populations contribute to its total

luminescence, as shown by heterogeneity analysis (25,26) performed at twenty

modulation frequencies between 0.5 and 200 Hz. The apparent lifetimes for

a, this sample are 0.400 and 0.035 s, with fractional contributions of 70 and

30%, respectively. It appears that our p-nitrophenol was inadvertently

contaminated with m-nitrophenol; a second p-nitrophenol reagent bottle, from

the same source, exhibited no similar heterogeneity. Regardless of the

'source of this heterogeneity, it is evident that the new fiber-optic-based

phosphorescence spectrometer is capable of detecting and resolving it.

Elimination of Fluorescence Interference: Detection Limits. Figure 3 shows

the phase-resolved emission spectra for individual single-component samples

-5
of 10 M m- and p-nitrophenol in ethanol at 77 K using 30-Hz sinusoidal

source modulation. These plots are identical to steady-state spectra (not

shown). This similarity indicates that the fluorescence contribution is

negligible for these two samples.

In contrast, Figure 4 shows the steady-state and phase-resolved spectra

for 10-4 M anthracene at 77 K. It is evident that the fluorescence

contribution is especially significant below 460 nm in the steady-state

scan, but that it can easily be eliminated using phase resolution. Similar

results were achieved for the other lumiphores used in this study.

Table II lists the detection limits achieved using the new fiber-optic

based phase-resolved phosphorescence spectrometer. These results were

derived from phase-resolved measurements at the emission spectral m;Ixiuwn

% F -WI

a.m - - 1



for a given lumiphore held at 77 K. Detection limits are reported as that

concentration of lumiphore required to give a signal (DL) equal to three

times the standard deviation for a blank sample. In this study 10 ethanol

blanks were run to determine this blank standard deviation. In all cases

detection limits are at or below 82 nM.

Binary Mixture Resolution. Several binary mixtures were studies in an

attempt to delimit the capabilities of the new fiber-optic-based

phosphorimeter. Table III shows the prepared concentrations for binary

mixtures of m- and p-nitrophenol (SET I) and for 7,8- and 5,6-benzoquinoline

(SET II). Tables IV and V show the statistical information (slope,

intercept, correlation coefficient (r), and standard error of estim-.te I

(SEE)) taken from plots of the experimentally determined concentrations vs.

the actual prepared concentrations (Table III) and as a function of the .

number of equations employed (number of emission wavelengths).

It is evident that a single pair of emission wavelengths cannot

satisfactorily resolve either binary set (Tables IV and V); however, as the

number of wavelengths is increased, the information content for the system

is increased and better results are obtained. Wavelengths were chosen at

evenly spaced intervals about the emission maximum for the mixture spectrum.

o surprisingly, the 7,8- and 5,6-benzoquinoline binary mixtures (Table V)

i . verv difficult to resolve because of their severe spectral overlap and
.-

their similar phosphorescence lifetimes (Table I). Again, as the number of

w,%v.lengths is increased, the results show significant improvement.

Figure.s 5 and 6 show three-dimensional data sets of the phase-r 'so1'ed

'I1(;pthorese(' c l in t en!itv ( JR PI) vs. detector phase ingle set ti n, %,:;. .

emi ss ion wave] en).th for I pM m- and p-nitrophenol, respectively. These da-ta

5-
IWO

% V_%.% %
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were collected using approximately 55 mW of laser power through the optical-

fiber sensor; data collection time was less than 10 minutes for each set.

As discussed by others (21,35,36) the information content of such data sets

is quite high and can be used for multicomponent analysis.

Ternary Mixture Resolution. In an effort to more thoroughly evaluate the

new fiber-optic-based spectrometer, ternary mixtures of anthracene,

phenazine, and acridine were prepared (Table VI). Table VII compiles the

statistical information for plots of the experimentally determined

concentrations vs. the true concentrations shown in Table VI. As with the

binary systems, a single three-wavelength measurement is unable to resolve

the three components successfully. As the number of wavelengths is

increased, the results improve (SEE decreases and r approaches unity); at

twelve wavelengths the results are quite satisfactory.

In all cases (binary and ternary mixtures), a single set of two- or

three-wavelength measurements was unable to resolve the individual

components. Instead, the number of emission wavelengths had to be increased

beyond the number of sample constituents. This finding implies that the

phase-resolved phosphorescence intensities at different emission wavelength.s

are probably correlated. That is, the two or three simultaneous equations

that were used are not linearly independent. Fortunately, by increasing the

number of emission wavelengths (overdetermining the system) we can

apparently generate linearly independent relationships. Another explanation

for this situation might be the presence of other "principal components"

such as instrument noise and sainple-preparation variations. These

CIIlP(11101 1; w()IId rqiuirt,  Idditio ,1 ((llll iOn ; III order to t borolgh,tiv

.
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CONCLUSION

The new fiber-optic based phosphorescence spectrometer has several

advantages over more conventional low-temperature phosphorescence

instruments. First, all the problems associated with a Dewar cell (window

frosting and cleaning, cryogent bubbling, etc.) are eliminated with the

fiber-optic probe. Second, sample throughput is increased by about a factor

of two because between sample clean-up is minimized. Third, inexpensive

micro vials can be employed as sample containers. Fourth, detection powers

are sufficient to allow the sensitive determination of most phosphorescent

species. Finally, measurements can be easily performed in remote

inaccessible, confined and hostile environments using the fiber-optic probe.

Shortcomings of the system include 1) that after about 250 freeze-thaw

cycles the glass capillary shattered and 2) detection limits are not as low

as can be obtained with direct excitation and observation of

phosphorescence. The shattering problem could perhaps be alleviated in the

future through use of a quartz or teflon capillary tube. The detection

limit problem is intrinsic to fiber-optic sensors and is part of the trade

off between detection power and remote sensing capabilities.
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TABLE I

Measured Phosphorescence Lifetimes (s) of Individual Components.a All

determined as 10-4 M in ethanol at 77 K.

Sample phase shift demodulation Literature Heterogeneous
method (eq. 1) method (eq. 2) Value

Anthracene 0.094(0.013) 0.096(0.008) 0.09 NO

Phenazine 0.321(0.007) 0.317(0.002) - NO

Acridine 0.012(0.006) 0.013(0.004) - NO

p-nitrophenolc 0.314(0.009) 0.389(0.004) >0 .20d YESe

p-nitrophenol c  0.421(0.016) 0.417(0.007) >0.20d  NO

m-nitrophenol 0.023(0.005) 0.029(0.001) NO

7,8-BQ f  1.412(0.019) 1.422(0.001) 1.4-2.1 g  NO

5,6-BQ f  1.882(0.021) 1.890(0.001) 1 .8-1.6g NO

avalues in parentheses are the respective standard deviations for 10

measurements. %

breference 37.

Csamples of p-nitrophenol taken from a contaminated (upper entry) and

uncontaminated (lower entry) vessel.

dreference 38.

ethis sample was found to contain both m-and p-nitrophenol. Heterogeneity
is indicated by a lack of agreement between phase shift and demodulati n"
lifetimes.

7,8- and 5,6-BQ represent 7,8- and 5,6-benzoquinoline, respectively.

greference 39.

V'
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TABLE II

Detection Limits Obtained with the New Phase-Resolved Phosphorimeter

Sample Detection Limits (nM) Literature Values (nll)a

Anthracence 182 33 7b

Phenazine 53

Acridine 238

p-nitrophenol 34 0.02

m-nitrophenol 61

7,8 BQ 39 -

,s B Q 26

/,8- and 5,6-EQ represent 7,8- and 5,6-benzoquinoline.

"values are for nonlaser excitation with conventional optical systems.

brf 0

creference 38.

cS

referece 38



- a --'. . . ...- a A F b. -

18

TABLE III

Constituent Concentrations of Prepared Binary Mixtures

of Lumiphores a in Ethanol

SET I SET 11

Solution m-nitrophenol p-nitrophenol 7,8-BQ 5,6-BQ

1 103 131 201 216

2 103 61 201 108

%v
3 50 131 100 216%

4 10.3 131 20.1 216

5 10.3 13.1 201 21.6 I
6 1.03 1.31 2.01 2.16

7 1.03 13.1 2.01 21.6

8 10.3 0.131 20.1 2.16 4

9 0.103 0.131 0.201 0.216

a M in micro vial.

5.6- and 7,8-BQ represent 5,6- and 7-8-benizoquinoline.

Z..,



19

TABLE IV

Statistical Information for Correlation Plots Between the
Determined and Prepared Concentrations for Binary

Sample Containing m- and p-Nitrophenol

# of Eqns. Slope Intercept r SEE

m-nitrophenol 2 0.923 0.023 0.9347 0.42

p-nitrophenol 2 0.917 0.046 0.9631 0.39

m-nitrophenol 4 0.946 0.017 0.9531 0.27
p-nitrophenol 4 0.971 0.020 0.9726 0.20

in-nitrophenol 6 0.983 0.013 0.9738 0.20
p-nitrophenol 6 0.990 0.010 0.9872 0.18

m-nitrophenol 8 0.993 0.003 0.9924 0.18
p-nitrophenol 8 0.997 0.007 0.9963 0.16

2 Eqns. - Emission at 520 and 530 nm.

4 Eqns. - Emission at 510, 520, 530 and 540 nm.

6 Eqns. - Emission at 510, 515, 520, 530, 535, 540 nm.L

8 Eqns. - Emission at 510,515, 520, 525, 530, 535, 540, 545 nm.

SEE -standard error of estimate.

..

N'

N.
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TABLE V

Statistical Information for Correlation Plots Between the
Determined and Prepared Concentrations for Binary Samples

Containing 7,8- and 5,6-Benzoquinoline

# of Eqns. Slope Intercept r SEE

7,8-BQ 2 0.813 0.124 0.7632 1.03
5,6-BQ 2 1.24 0.026 0.8721 1.21

7,8-BQ 4 0.842 0.097 0.7984 0.94
5,6-BQ 4 1.09 0.042 0.8992 1.02

7,8-BQ 6 0.830 0.082 0.8435 0.84
5,6-BQ 6 1.13 0.046 0.9123 0.95

7,8-BQ 8 0.901 0.063 0.8631 0.81
',6-BQ 8 1.077 0.040 0.9444 0.86

1,8-BQ All 0.926 0.028 0.9385 01 1
5,6-BQ All 0.978 0.031 0.9687 0.63

2 Eqns. - Emission dt 550 and 560 run.

4 Eqns. - Emission at 530, 540, 560 and 580 run. I

6 Eqns. - Emission at 530, 535, 540, 550, 555 and 560 run.

8 Eqns. - Emission at 530, 535, 550, 555, 560, 565, 570 and 575 run.

All - emission at 2 nm intervals between 530 and 580 run.

SEE - standard error of estimate.

P

I,

,-

'I
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TABLE VI

Concentrations of the Three Luxniphores Used in
Prepared Ternary Samplesa

Solution Anthracence Phenazine Acridine

1 100 100 100
wee

2 50.0 100 100

3 100 50.0 100

4 100 100 50.0

5 10.0 100 100

6 100 10.0 100

1 100 100 10.0

8 33.3 100 100

9 100 33. 3 100

10 100 100 33.3

11 1.00 1.00 1.00

12 0.50 0.50 0.50

ajiM in micro vial.

K 
4., .
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TABLE VII

Statistical Information for Correlation Plots Between the
Determined and Prepared Concentrations for Ternary Samples

Containing Anthracence, Phenazine, and Acridine

# of Eqns. Slope Intercept r SEE

Anthracene 3 0.863 0.023 0.9013 2.00
Phenazine 3 0.914 0.036 0.9047 0.91
Acridine 3 0.921 0.020 0.9325 0.93 -

Anthracene 6 0.871 0.020 0.9537 1.80
Phenazine 6 0.927 0.031 0.9423 0.83
Acridine 6 0.941 0.027 0.9704 0.65

Aitlracene 9 0.913 0.017 0.9631 1.60

Pli .iazine 9 0.971 0.030 0.9725 0.8]
Acridine 9 0.934 0.013 0.9847 0.60

Anthracene 12 0.925 0.009 0.9704 1.50
Phenazine 12 0.981 0.016 0.9781 0.70 1k

Acridine 12 0.937 0.004 0.9853 0.59

3 Eqns. - Emission at 3 equally spaced wavelengths between 500 and 580 nm.

6 Eqns. - Emission at 6 equally spaced wavelengths between 500 and 580 nm.

9 Eqns. - Emission at 9 equally spaced wavelengths between 500 and 580 nm.
12 Eqns. -Emission at 12 equally spaced wavelengths between 500 and 580 nm. V
12 Eqns. -Emission at 12 equally spaced wavelengths between 500 and 580 nm.

S'E - standard error of estimate. V

.q

;I.

U



FIGURE CAPTIONS

Figure 1. Schematic diagram of the new fiber-optic based phase-resolved

phosphorescence spectrometer. Abbreviations are M1 and M2'

mirrors; L1 and L2, lenses; x,y,z, x,y,z-translation stage;

OFS, optical-fiber sensor; PMT, photomultiplier tube; FM,

fiber mount.

Figure 2. Diagram of the low-temperature phosphorescence fiber-optic

sampling system.

Figure 3. Phase-resolved phosphorescence spectra for m- and p-nitrophenol

in ethanol at 77 K. Modulation frequency 30 Hz. Scan time 6

minutes.

Figure 4. Steady-state and phase-resolved phosphorescence spectra for

anthracene in ethanol at 77 K. Modulation frequency 30 Hz.

Scan time 6 minutes.

Figure 5. Three-dimension1 l data set of phase-resolved phosphorescence

intensity (PRPI) vs. detector phase angle vs. emission

wavelength for I pM m-nitrophenol. Modulation frequency i ,

50 li::.

Figure 6. Three-dimensional data set of phase-resolved phosphorescence

intensity (PRPI) vs. detector pha.,;e ingle vs. emission wav.

lengt; h for I jiM 1 Init roiphe(,tol Mo(ht]l iti ii f r-quenev i (1 IH.
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