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Abstract

Phase sensitive emission spectra recorded at multiple frequencies were used to determine the 

lifetimes and steady-state spectra of the fluorophores In two-component mixtures. This analysis 

does not require any previous knowledge of the lifetimes, fractional Intensities, or the emission 

spectra and is thus an Improvement over single frequency phase sensitive detection which requires 

known emission spectra or known lifetimes. Phase sensitive emission spectra are recorded at 

several frequencies and arbitrarily chosen detector phase angles. The data are analyzed by use of 

nonlinear least squares to recover the lifetimes and wavelength-dependent fractional Intensities. 

The latter values determine the emission spectrum and relative intensity of each component in the 

mixture. Using this technique, we resolved two-component mixtures of fluorescein and 9-

amlnoacrldlne, 2-(p-toluidinyl)-naphthalene-6-sulfonlc acid and 6-proplonyl-2-

(dlmethylamlno)naphthalene, and N-acetyl-L-tyrosinamide and N-acetyl-L-tryptophanamide. In 

these mixtures the lifetimes differ by about 2-fold. Analysis of simulated data is presented to 

Illustrate the requirements for a satisfactory resolution. For simulated two-component mixtures, 

the components can be resolved If the lifetimes differ by 2-fold or greater, even with extensive 

overlap of the emission spectra.

Registry No.

Fluorescein, 2321-07-5; 9-aminoacridine, 90-45-9; 2-(p-toluidinyl)naphthalene-6-sulfonic acid, 
7724-15-4; 6-propionyl-2-(dimethylamino)naphthalene, 70504-01-7; N-acetyl-L-tyrosinamide, 
1948-71-6; N-acetyl-L-tryptophanamide, 2382-79-8

Fluorescence spectroscopy and the measurement of fluorescence decays is frequently used 

in the chemical, physical, and biological sciences. For example, fluorescence decays have 

been widely used to determine the behavior of fluorophores that are bound to 

macromolecules (1–5). The fluorescence decays are usually complex, due to the presence of 

more then one fluorophore or to the intrinsically complex decays of even single 

fluorophores. Regardless of whether the fluorescence is being used for analytical purposes, 

such as determining the amount of bound species in an immunoassay, or as a probe of a 

macromolecule, it is often necessary to determine the parameters that describe the 

heterogeneous emission, these being the lifetimes and fractional intensities in the decay law. 
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Both the time-domain (4–7) and phase-modulation (7–13) techniques for the measurement 

of these decays have improved significantly in recent years. In particular, the recent 

appearance of variable frequency phase fluorometers (14, 15) permit measurements up to 2 

GHz (16) and allow resolution of complex lifetimes and anisotropy decays even on the 

picosecond time scale (17). Furthermore, the time resolution of time-correlated single 

photon counting has been increased by the introduction of picosecond dye laser sources (18–

20).

Until recently, commercially available phase fluorometers permitted measurement at only 

two or three modulation frequencies. Due to the limited frequencies and lack of stability 

these instruments were not generally useful for the resolution of mixtures. Two-component 

mixtures could be resolved (8–11, 21, 22), but the solutions were generally unreliable. A 

modification of the phase-modulation method, phase sensitive detection (PSD), was also 

used to study multicomponent decays to enhance the resolution of the single frequency 

measurements (23, 24). This technique, which relies on a difference in the lifetimes of the 

components, has been used to resolve multicomponent fluorescence decays (23–30) to 

separate Raman, phosphorescence, and fluorescence components (31, 32) and to study 

excited-state reactions which shift the emission spectra (33, 34). We recently reported (35, 

36) a new approach to the measurement and analysis of phase sensitive (PS) data which led 

to the resolution of three-component mixtures by using data measured at only one frequency. 

This method appears to be the only one that permits resolution of three decay times using 

data from only one frequency. Yet the procedure is limited in that it requires measurement or 

knowledge of the normalized spectral distribution of each component. This is a serious 

restriction, which is impossible to satisfy in many situations, especially those involving 

macromolecules. To eliminate this restriction, we used the increased information content by 

measuring phase sensitive emission spectra at multiple modulation frequencies.

In this new procedure, phase sensitive emission spectra are collected at several detector 

phase angles per frequency over a wide frequency range. The data are then analyzed by 

using nonlinear least squares, to recover the lifetimes and the fractional intensity of each 

component at each wavelength. The fractional intensities determine the individual emission 

spectra of each component in the mixture. Although this method yields the correct emission 

spectra and lifetimes, some problems remain to be solved. These include the long times 

required for data acquisition due to the large amount of data required for good resolution of 

the mixtures. An inadequate amount of data can result in a lack of precision in the recovered 

parameters. However, this method of multicomponent analysis may be valuable in the 

analysis of complex systems of chromophores, such as the photosynthetic pigments, in 

which the emissions are dispersed over a range of wavelengths (37). Our use of PSD is 

different from that of McGown and Bright (27–29) or Gratton and Jameson (30). McGown 

and Bright independently measure the phase sensitive intensities of each component and fit 

the phase sensitive intensities of the mixture which are measured at only one or two 

frequencies. The latter group uses known lifetime values to calculate the fractional 

intensities and record the phase resolved spectra of each component. Our method is more 

general in that neither the lifetimes nor the emission spectra are required for the analysis.
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THEORY

Theory of Phase Sensitive Fluorescence.

The theory of phase modulation spectroscopy has been extensively described (1, 7, 12, 38) 

and will only be briefly discussed here. In phase fluorometry a sample is excited with 

intensity-modulated light. The fluorescence emission is modulated and is a forced response 

to the excitation. The emission is delayed by a phase angle (θ) and demodulated (m) relative 

to the exciting light

F(t) = 1 + m sin (ωt − θ) (1)

In this expression ω = 2πF is the circular modulation frequency where F is the frequency in 

hertz. For a single-component solution with a single exponential decay, the lifetime (τ) is 

related to m and θ by

tan θ = ωτ (2)

m = 1 + ω2τ2 −1/2
(3)

The values of m and θ are determined by the fluorescence lifetime and frequency of the 

exciting light. For multicomponent samples the emission is a weighted sum of the constant 

and modulated intensities of each component i. The measured values of m and θ for the 

mixture and eq 2 and 3 yield only apparent lifetimes. The values of mi and θi for each 

component, or equivalently the lifetimes, must be determined by a more complex procedure 

(12).

In PSD the emission spectrum is scanned as usual but the phase-sensitive detector (lock-in 

amplifier) detects only the modulated portion of the emission. The PS detector yields an 

unmodulated signal, Ip, that is a weighted sum of the modulated emission of each 

component

Ip λ, θD, ω = kIss(λ)∑
i

f i(λ)mi cos θD − θi (4)

Here, λ is the emission wavelength, θD is the detector phase angle relative to the incident 

light, k is a constant, Iss(λ) is the steady-state spectrum of the mixture, and fi(λ) is the 

wavelength-dependent fractional intensity of the ith component. The spectrum of each 

component in the mixture is given by

Ii(λ) = f i(λ)Iss(λ) (5)

At any frequency and θD, the PS intensity of each component is proportional to both its 

fractional intensity and the cosine of the phase difference between its emission and the 

detector phase angle, cos (θD − θi). Therefore, for each component, as θD is varied, the 

value of cos (θD − θi) will change, altering the phase sensitive intensity and the spectral 
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shape. This dependence of the PS spectra on θD is the basis for calculating the individual 

lifetimes and fractional intensities from the spectra.

If PS spectra are measured at one modulation frequency, the information is limited. First, the 

lifetimes of the fluorophores must be appropriate for the available frequency. A more severe 

limitation is that the emission spectra cannot be calculated unless the lifetimes are known 

(30), and the lifetimes cannot be calculated unless the spectra are known (24, 25). For 

example, in their resolution of the individual spectra Gratton and Jameson (30) were 

required to use the independently measured lifetimes of each component. In our previous 

method (24, 25) the lifetime of each component is found by suppressing the emission of one 

component and matching the phase sensitive spectrum with a known emission spectrum. 

These restrictions can be avoided if the data are collected at multiple modulation 

frequencies. At each wavelength the frequency-dependent phase sensitive intensities define 

the frequency-dependent phase angles. In essence, this defines the decay law at each 

wavelength. Since the data are obtained across the emission spectra, the data determine both 

the emission spectra and the lifetimes of the components. A second advantage of a variable 

frequency instrument is the ability to select modulation frequencies that are best suited for 

resolution of the decay times of the sample. In contrast, data at one modulation frequency 

determine only the phase angle at this frequency, which is not adequate to determine the 

lifetimes and spectra of two components.

Measurements and Data Analysis.

We simultaneously measure three spectra. Two phase sensitive spectra are measured: an in-

phase spectrum (Ip) at detector phase θD, and a quadrature spectrum (IQ) at θD + 90°. We 

also measure the total amplitude (vector sum) of the in-phase and quadrature signals of the 

modulated emission (Im), at the same gain as the PS spectra. Im is available as a direct output 

of the lock-in amplifier. The magnitude spectrum is proportional to the steady-state spectrum 

after attenuation of each component by mi

Im(λ, ω) = kIss(λ)∑
i

f i(λ)mi (6)

In the analysis, the measured Ip(λ,θD,ω) and Iq(λ,θD + 90°,ω) spectra are divided by 

Im(λ,ω) to form PS ratio spectra, Rp and Rq, as described by

Rp =
Ip λ, ϕD, ω

Im(λ, ω) =
∑i f i(λ)mi cos ϕD − ϕi

∑i f i(λ)mi
(7)

and

Rq =
Iq λ, ϕD + 90°, ω

Im(λ, ω) =
∑i f i(λ)mi cos ϕD + 90° − ϕi

∑i f i(λ)mi
(8)

This normalization corrects for drifts in light intensity or the extent of modulation during 

data collection, and the PS intensities are scaled from −1 to +1. However, this division 
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eliminates any information that may have been available from the frequency-dependent 

amplitude of the modulated emission. The use of the amplitude information would require 

that all the phase sensitive spectra be collected at the same gain and with the same degree of 

modulation of the incident light. These are difficult experiment constraints, which we have 

not implemented. The ratio spectra are fit in an iterative manner to calculated spectra using 

assumed values for the lifetimes, τci, and fractional intensities of each component at each 

wavelength, fci(λ). The subscript c is used to indicate the calculated or assumed values of τi 

and fi(λ). The values of fci(λ) and τci, are varied to obtain the best match between the 

measured (Rp and Rq) and calculated (Rcp and Rcq) ratio spectra. We use the procedure of 

nonlinear least squares, based on the Marquardt algorithm as described by Bevington (39). 

The analysis is a modification of that previously reported for analysis of single frequency PS 

data (35, 36). It should be noted that the analysis assumes the decay times are constant for 

each component across the emission spectrum. Hence, our analysis might be regarded as a 

global method, as defined by Brand and co-workers (6).

The goodness-of-fit is determined by searching for the minimum value of χR
2, which is the 

error-weighted sum of the squared deviations between the measured and calculated data

χ2 = ∑
λ

∑
θD

∑
ω

1/σ2 Rp λ, θD, ω − Rcp λ, θD, ω 2 +

1/σ2 Rq λ, θD + 90°, ω − Rcq λ, θD + 90°, ω 2 (9)

The weighting factor (σ) is

σ = 0.01S (10)

where S is the estimated percent noise in the data. The final values of τci and fci(λ) are those 

which minimize χ2. The goodness of fit is judged by the value of the reduced χ2

χR
2 = χ2/v (11)

where v is the number of degrees of freedom

ν = NλNDNω − p (12)

Nλ is the number of emission wavelengths, ND the number of detector phase angles, Nω the 

number of frequencies, and p the number of floating parameters (one for each component τci 

and one for each fci(λ) after the first component). For values of τci and fci(λ) which 

adequately describe the data the value of χR
2 is expected to fluctuate near 1.0, assuming the 

data contain only random experimental errors. The values of fci(λ) are used to calculate the 

emission spectrum of each component, Ii(λ), using eq 5.

A discussion of the weighting factor and the detailed equations for the analysis are given in 

the Appendix.
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EXPERIMENTAL SECTION

Materials.

9-Aminoacridine (9-AA),N-acetyl-L-tyrosinamide (NATyrA), N-acetyl-1-tryptophanamide 

(NATA), and p-terphenyl (p-ter) were obtained from Aldrich Chemical Co., Inc., 6-

propionyl-2-(dimethylamino)naphthalene (PRODAN) and 2-(p-toluidinyl)naphthalene-6-

sulfonic acid (TNS) were from Molecular Probes, Inc., p-bis[2-(5-phenyloxazolyl)]benzene 

(POPOP) was from Eastman Laboratory and Speciality Chemicals, and Ludox was from E. 

I. du Pont de Nemours Co., Inc. These compounds were used without further purification, 

but fluorescein (FLS) was recrystallized. All chemicals, except Ludox, NATyrA, and NATA, 

were dissolved in 100% ethanol; Ludox was diluted into distilled water and NATyrA and 

NATA were diluted in 25 mM Tris–HCl, pH 7.5. All solutions were maintained at 20 °C. 

The samples were equilibrated with the atmosphere and were not purged with inert gas to 

remove dissolved O2. The optical densities were below 0.16 at the excitation wavelengths.

Measurements.

The data were obtained with a continuously variable frequency phase fluorometer (15) and a 

lock-in analyzer (Model 5204 from EG & G, Princeton Applied Research). This instrument 

uses cross-correlation detection, which is accomplished within the photomultiplier tube 

(PMT). More specifically, the gain of the PMT is modulated by a small rf signal on its 

second dynode. This rf signal is at F + 25 Hz, where F is the modulation frequency of the 

incident light. The 25-Hz beat frequency contains the necessary phase and modulation 

information. Because of a sharp notch filter at 25 Hz, the data are not affected by 

nonsinusoidal modulation of the incident light or the PMT gain. The input signal to the lock-

in analyzer was the modulated low-frequency (ac) signal from the sample. Previously, we 

electronically divided this signal by the root mean square value of a reference signal (35, 

36). However, this did not seem necessary with the variable frequency instrument because of 

its greater stability. The present analysis of ratio spectra also cancels instrumental drift.

The laser excitation source for the PRODAN/TNS and FLS/9-AA mixtures was the He–Cd 

325- and 442-nm lines, respectively. Data were collected at eight or nine frequencies from 2 

to 108 MHz. For excitation of the NATyrA/NATA mixture, the light source was a 3.79162 

MHz train of 5-ps pulses from a cavity dumped Coherent Model 700 dye laser containing 

rhodamine 6G as the dye. A second jet with the saturable absorber DODCI was present. The 

dye laser was synchronously pumped using a mode-locked Coherent Inova 15 argon-ion 

laser. The visible output of the dye laser was frequency doubled to obtain 285 nm using a 

Spectra Physics Model 390 frequency doubler with a KDP angle-tuned crystal. The UV 

excitation was attenuated 20-fold by using a neutral density filter to minimize 

photodecomposition of the sample. In this case the frequency synthesizer for the cross-

correlation signal was phase locked to the cavity dumper. Seven modulation frequencies 

were used from 11.37486 to 113.7486 MHz. This instrument is the subject of a recent 

publication (16).
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For all measurements, an emission polarizer was not used and the excitation polarizer was at 

35° (40), except for the FLS/9-AA measurements at 0°. The emission band-pass was usually 

8 nm, 16 nm for the PRODAN/TNS mixture, and data were collected at 5-nm steps.

The values of θD were relative to the following reference solutions: Ludox at 442 nm for the 

FLS/9-AA mixture, POPOP at 400 nm for the PRODAN/TNS mixture, and p-ter at 340 nm 

for the NATyrA/ATA mixture (24, 36). The lifetimes for the three reference solutions were 

taken as 0, 1.35, and 1.05 ns, respectively (41).

Steady-state spectra and lifetimes were measured under the same conditions and with the 

same instrument (15, 16). The individual lifetimes were measured so the recovered lifetimes 

could be compared with the expected values. The lifetimes were measured vs. Ludox, with 

the emission monochromator removed and a Corning 0–52 (PRODAN/TNS) or 3–72 (9-AA/

FLS) cutoff filter in the emission path. For lifetime measurements both the phase and 

modulation values were measured and analyzed as previously reported (15, 41).

Data Analysis.

One objective of the analysis is to determine the correct number of components in the 

sample. Hence, a data set is typically fit several times, altering the number of assumed 

components. The values of χR
2 from the various fits are compared. If the value of χR

2 

decreases significantly with the addition of another component to the decay law, the fit with 

the lower χR
2 is thought to best describe the data.

The VFPS data were fit to one-, two-, or three-component decays. In all cases the lifetimes 

and spectral distributions were floating parameters, but the program permits any of the 

parameters to be held constant. In the analysis, the values of fci(λ) float relative to those of 

the first component. The ∑ifci(λ) is then normalized to 1.0 at each wavelength. For example, 

for a two-component fit over 20 wavelengths, there are 22 floating parameters. Therefore, 

the number of degrees of freedom for a typical data set containing PS data recorded at 12 θD 

(6 Ip and 6 Iq) and 7 frequencies will be 1658. According to Bevington (39) a difference in 

χR
2 for two fits of 1.3 would be statistically large enough to reject the fit with the larger 

value of χR
2 with less than a 1% probability of error. However, we generally accept the 

more complex fit only if it yields a 2-fold decrease in the relative values of χR
2.

Simulated Data.

PS data were simulated as Rp and Rq using eq 7 and 8. The values of fi(λ) were calculated 

as

f i(λ) =
giIi

n(λ)
Iss(λ) (13)

For the ith component gi is the steady-state fractional intensity, ∑igi = 1.0, and Ii
n(λ) is its 

area normalized emission spectrum. ∑λ Ii
n(λ) = 1.0. The steady spectrum of the mixture is 

described using
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Iss(λ) = ∑
i

giIi
n(λ) (14)

The Ii
n(λ) spectra were simulated by use of Gaussian distributions. In all cases g1 = g2 = 

0.50, with 50 nm the full width at half maximum of each component, τ1 = 5.0 ns, and the 

emission maximum of component 1, λ1 = 470 nm. Unless indicated otherwise, the simulated 

data contained 2% random noise, τ2 = 10.0 ns, and λ2 = 490 nm. The simulated data 

covered 13 wavelengths between 450 and 510 nm at 5-nm increments, seven frequencies 

between 3.0 and 93.0 MHz at 15-MHz intervals and 12 θD per frequency (six Ip between 0 

and 100° and six Iq between 90 and 190° at 20° increments). Simulations were also 

performed by varying τ2, λ2, or the percent noise. The simulated data were analyzed as the 

experimental data; however in some cases the number of frequencies, θD, or wavelengths 

used in the analysis were restricted.

As a measure of the resolvability of the data, we used the standard deviations (SD) of the 

calculated values. The SD were calculated from the diagonal elements of the covarience 

matrix (39) and do not include the effects of correlation between the parameters (42). The 

standard deviations of f2(λ) at 470, 480, and 490 nm were divided by the values of f2(λ) at 

these wave lengths and then averaged to give the fractional standard deviation (SD/f2(λ)). 

From 470 to 490 nm the values of f2(λ) vary from 30 to 70%, so these wavelengths 

represent areas of strong spectral overlap. Similarly, (SD/τi) is the average of the standard 

deviations of the lifetimes divided by the calculated values of the lifetimes.

RESULTS

Resolution of Mixtures.

Phase sensitive detection of fluorescence has not been previously used to recover the 

unknown spectra and lifetimes of components in a mixture. Hence, the resolution and thus 

the usefulness of this technique were unknown, primarily because of the larger number of 

floating parameters needed to describe the unknown emission spectrum of each component. 

We examined a two-component mixture of FLS and 9-AA in ethanol to determine whether 

the lifetimes and “unknown” emission spectra could be determined. The data were collected 

from 480 and 560 nm (17 wavelengths) at 9 frequencies and 12 detector phase angles per 

frequency. The wavelength-dependent phase sensitive intensities, and the frequency-

dependence of these values, contain information on the lifetimes and emission spectra of 

each component in the mixture. The data were analyzed with the lifetimes and all 

wavelength-dependent fractional intensities as floating parameters. For comparison we also 

measured the lifetimes and steady-state intensities of single component solutions of FLS and 

9-AA at the same concentration as the probes were in the mixture. These independent 

measurements were used to determine the accuracy of the values calculated from the two-

component fits of the VFPS data.

Figure 1 shows the emission spectra of FLS and 9-AA, as well as the spectrum of the 

mixture, Iss(λ). The wavelengths used in the analysis (480–560 nm) are only in regions of 

spectral overlap of the FLS and 9-AA emission spectra. This wavelength restriction 
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increases the difficulty of the resolution, as we purposefully eliminated data which contained 

information on only one component in the mixture. Such single-component data define the 

characteristics of the one component and greatly simplify the resolution. Analysis of the data 

with a single decay time model yielded χR
2 = 5.72 (Table I). When the data were fit to a 

two-component decay, χR
2 decreased over 10-fold to 0.542. Importantly, the calculated 

lifetimes from the two-component fit, 4.51 and 9.30 ns, are close to the independently 

measured values of 4.54 and 9.85 ns, demonstrating that the lifetimes can be reliably 

recovered from the analysis. When the data were fit to a three-component decay, χR
2 

decreases only 1.08-fold to 0.501. Statistically, a decrease in χR
2 of this amount is not 

highly significant with 1817 degrees of freedom (39). In addition, the fractional intensity of 

the first component was rather small (0.005 to 0.045) and the intensity constant across the 

spectrum. Also, the standard deviation of the decay times increased about 5-fold and in some 

cases the standard deviations of f2(λ) and f3(λ) increased to 50–130% of the corresponding 

values of the fractional intensities. This is in contrast to the two-component fit, where the 

standard deviations of f2(λ) were approximately 6% of the values. Hence, we conclude the 

data are best described by the two-component fit shown. This experiment was repeated and 

consistent results were obtained.

The wavelength-dependent fractional intensities from the two-component fit were used to 

calculate the emission spectra of each component, Ii(λ) (Figure 1). The emission spectra and 

amplitudes associated with τ1 (4.51 ns) and with τ2 (9.30 ns) are in close agreement with the 

spectra of FLS and 9-AA, respectively. Hence, the fractional intensities were recovered with 

the precision adequate to determine the individual emission spectra and the relative yields.

As a second example, we examined a two-component mixture of TNS and PRODAN. Figure 

2 shows the steady-state spectra of PRODAN and TNS (—) as well as of the mixture. The 

independently measured lifetimes of the two components are 3.45 and 7.89 ns, respectively. 

In this case the PS data were for 23 wavelengths, between 400 and 510 nm, eight 

frequencies, and 10 detector phase angles. Phase sensitive spectra of the mixture measured 

at two modulation frequencies, 18 and 33 MHz, are shown in Figure 3 to illustrate the 

appearance of the data. At each frequency the spectra were measured at 0, 80, 110, 130, and 

180° relative to the phase angle of POPOP. The phase lag of POPOP at 18 MHz is 8.68° and 

15.6° at 33 MHz. Therefore, the true detector phase angles are 8.7, 88.7, 119, 139, and 189° 

at 18 MHz and 15.6, 95.6, 126, 146, and 196° at 33 MHz. The dependence of the shape of 

the PS spectra on the value of ϕD is evident by examination of the spectra at 0, 80, 110, 130, 

and 180°. As the value of ϕD increases, the intensity of the shorter-lived PRODAN emission 

at the longer wavelengths decreases and becomes negative before the intensity of the TNS 

emission at the blue edge of the spectrum, with the longer lifetime. The phase angles are 

dependent on the modulation frequency. For example, the phase lag of both emissions is 

smaller at 18 than at 33 MHz. At 18 MHz and 119° (110° in Figure 3) the PS spectrum 

contains regions of both positive and negative intensity, while at 33 MHz and 126° (110° in 

Figure 3) the PS spectrum is positive and small at all wavelengths. The frequency-dependent 

demodulation between the 18 and 33 MHz signals is seen by comparing the phase sensitive 

spectra at 18 and 33 MHz at similar detector phase angles.
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A one-component fit of these phase sensitive data yields χR
2 = 4.74. When a second 

component is added χR
2 drops 4.8-fold to 0.986. The lifetimes from this fit, τ1 = 3.83 and τ2 

= 8.08 ns, are close to the independently measured lifetimes of the single-component 

solutions, 3.45 ns for PRODAN and 7.89 ns for TNS (Table I). A three-component fit of the 

data, using 20 wavelengths, resulted in a 1.04-fold drop of χR
2 from a comparable two-

component fit. In this case I1(λ) again becomes small and relatively constant across the 

spectrum. In addition, in the three-component fit, the recovered values of I2(λ) are larger 

than the intensities of the mixture. Iss(λ) values over the shorter wavelengths then become 

negative over the longer wavelength region of the spectrum. Conversely, the intensities of the 

third component, I3(λ) are negative at the blue edge and larger than Iss(λ) at the red edge of 

the spectrum. While the standard deviations in f2(λ) for the two-component fit are about 

10% of the values of f2(λ), the standard deviations in f2(λ) and f3(λ) increase to over 100% 

of the corresponding values for the three-component fit. Because of the small decrease in 

χR
2 and the unreasonable parameters from the three-component analysis, we accept the two-

component fit as the best description of the data.

Figure 2 shows the known emission spectra of TNS and PRODAN (—) as well as the 

recovered spectra (○, □). The 3.83-ns component is associated with the longer wavelength 

PRODAN emission, and the 8.08-ns component associates with the shorter wavelength TNS 

emission. These spectra closely match that of PRODAN and TNS, although the fit of the 

measured and calculated spectra appears worse at the shorter wavelengths.

The two-component mixtures described above are difficult cases because the decay times are 

different by only 2-fold and because of the high degree of spectral overlap. However, the 

measurements were facilitated by the stability and moderate intensity of the He–Cd laser 

light source. We are interested in resolving the still more complex emission from proteins, 

which is due primarily to tyrosine and tryptophan residues. Hence, we examined a two-

component solution of NATyrA and NATA. This requires UV excitation, which was 

provided by a frequency-doubled dye laser. Additionally, we use the intrinsic harmonic 

content of the 3.79-MHz 5-ps pulse train (16), instead of the more common approach of 

intensity modulation of the incident light (15). Also, the decay times of 1.51 (NATyA) and 

2.92 ns (NATA) are somewhat more closely spaced than for the mixtures in Figures 1 and 2.

Phase sensitive spectra were measured from 290 to 410 nm (25 wavelengths), at 12 detector 

phase angles and seven frequencies. When the data are fit to a two-component decay, χR
2 

drops 8.9-fold from 23.4 to 2.62 (Table I). The lifetimes recovered from the two-component 

fit, 1.71 and 3.48 ns, are larger than the values expected from independent measurements of 

NATyrA and NATA (measured under the same conditions) of 1.51 and 2.92 ns, but the 

agreement is reasonable.

The calculated spectra (○, □) are in reasonable agreement with the expected spectra (—, 

Figure 4). The calculated and measured spectra match in the longer wavelength region of the 

emission. However, the calculated and measured spectra are not well matched for NATyrA 

near 300 nm. The Raman peak for 285-nm excitation in water should appear at about 318 

nm and may be the origin of the deviations seen at 315 nm. It is clear that even for this 

relatively simple two-component mixture the match between the measured and calculated 
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data is not as close as might be desired. Although χR
2 drops a further 1.5-fold for a three-

component fit (Table I) the recovered values from this fit are more unreasonable then those 

from the three-component fits already described. For example, the standard deviations of the 

lifetimes increased 10-fold over those in the two-component fit. More importantly, the 

recovered values of I2(λ) and I3(λ) become almost equal and opposite between 290 and 360 

nm. This accompanies an increase in the intensities of the second component over the values 

of Iss(λ). In addition to the unrealistic values of I2(λ) and I3(λ), the standard deviations in 

the second- and third-component fractional intensities become greater than the actual values 

of f2(λ) and f2(λ) over most of the spectrum. (f2(λ) ranges from 2.0 to 0.89 with the SD of 

f2(λ) between 0.98 and 110; the values of f3(λ) are between −1.4 and 0.11 with the SD of 

f3(λ), 0.95 to 14). Based on these observations and other past experience, we do not accept 

fits in which χR
2 decreases less than 2-fold. We therefore reject the three-component results 

in favor of the two-component fit as the best description of these data.

We questioned whether the fit could be improved by holding one of the lifetimes constant at 

the independently measured value, which is presumably the correct value. The calculated 

spectra then showed still greater deviations from the measured spectra, and the values of χR
2 

were higher. For example, for the NATyrA/NATA mixture, if τ2 was held constant at 2.76 ns 

during the fit (the value from a VFPS fit for NATA alone), the value of τ1 was 1.46 ns and 

χR
2 increased to 8.8. Alternatively, if τ1 was held constant at 1.51 ns, only 0.2 ns from the 

value calculated in the original fit of the data, the calculated value of τ2 was 3.45 ns and χR
2 

increased slightly to 2.77. However, in both these fits the calculated values of fi(λ) were a 

worse match to the independently measured spectra. Thus, the results from the fits allowing 

both lifetimes to float were not due to local minima, but are the best fits of the data using our 

algorithm and the available data. In general, the recovered lifetimes appear to be more 

reliable than the recovered spectra. This is probably because the data at all wavelengths 

contribute to determining the decay times, whereas the amplitudes are determined at each 

wavelength by the phase sensitive data at that wavelength.

Analysis of Simulated VFPS Data.

The above results demonstrate that the variable-frequency phase-sensitive data can be used 

to recover decay times and unknown emission spectra. However, the resolutions were not as 

precise as desired and we were not able to consistently recover the unknown spectra and 

lifetimes from three-component mixtures (results not shown). To further understand the 

factors affecting the resolution, we analyzed simulated data. Several factors affect the 

resolution, such as the number of phase angles, modulation frequencies, and the range of 

emission wavelengths. The most important factors seem to be the difference between the 

decay times and the extent of noise in the data. It is difficult and probably not useful to 

present simulations in which all these parameters are varied. Instead, we simulated a set of 

VFPS data for a two-component mixture that is a slightly more difficult resolution problem 

than the experimental data presented above. We then reduced in turn the number of 

frequencies, wavelengths, and phase angles and moved the decay times closer to each other. 

These simulated data illustrate how the resolution is affected by the contributions from all 

these factors.
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The first simulation of a two-component mixture used lifetimes that differed by a factor of 2, 

τ1 = 5.0 ns and τ2 = 10.0 ns. The simulated emission maxima were 20 nm apart (Δλ). The 

VFPS data were generated with 2% random noise, 12 detector phase angles, 7 frequencies, 

and 13 wavelengths. These simulated data were analyzed as the experimental data. The 

parameters were accurately recovered; τ1 was 4.98 (±0.058) ns and τ2, 10.3 (±0.19) ns. The 

calculated spectra of both components (○) overlap closely with the simulated spectra 

(Figure 5, —) and we consider these data to be resolvable.

To examine what factors limit the resolution, the parameters describing this data set were 

individually varied, followed by analysis of the modified data. We needed a definition of 

“resolvable”. We arbitarily chose the ratio of the standard deviation of each parameter 

(calculated from the usual assumptions of nonlinear least squares) to the parameter value 

(SD/f2(λ)). If this ratio exceeded 10%, the simulated data were said to be unresolvable.

The results of these analyses are summarized in Table II. For the complete set of simulated 

data SD/f2(λ) is 0.099, or the standard deviations in f2(λ) are about 10%. For lifetimes the 

ratio SD/τi is 0.015. This data set is said to be resolvable.

When the value of τ2 was reduced to 9.0 or 8.5 ns (τ2/τ1 = 1.8 or 1.7), the relative 

uncertainty (SD/f2(λ)) increased to 13 and 17%. Thus at τ2/τ1 = 1.8 the data become 

unresolvable. For τ2 = 8.5 ns, the resolved values of τ1 and τ2 are 5.01 (±0.084) and 8.12 

(±0.16) ns. The spectra calculated from the fit, Ii(λ), are shown in Figure 5 (□). As the 

lifetimes are brought closer together, the fractional intensities begin to deviate from the 

simulated values.

Similarly, we found the simulated mixture to be marginally (M) resolvable if the difference 

between the emission maxima (Δλ) is decreased to 10 nm and unresolvable for Δλ = 5 nm 

(Table II). If the number of frequencies is reduced to 4, the number of detector phase angles 

decreased to 6, or the percent noise in the data raised to 3%, the mixture becomes 

unresolvable. If the number of wavelengths is reduced to 11 or 9, the calculated lifetimes as 

well as fractional intensities do not match the expected values. This is due to the reduced 

range of the emission covered in the analysis. As the number of wavelengths is reduced, the 

regions where one component dominates the emission can be lost, making the resolution 

more difficult.

Evidently, resolution of even relatively simple two-component mixtures requires a 

substantial amount of data. For our experimental data (Figures 1–4) the percent noise was 

between 2 and 3%, the data consisted of spectra at 7–9 frequencies, 10–12 detector phase 

angles, and 17–23 wavelengths. In addition, τ2/τ1 ranged from 1.9 to 2.3 and Δλ from about 

30 to 55 nm. Thus the mixtures should be resolvable, particularly due to the larger range of 

wavelengths. In fact, we found that the values of SD/f2(λ) for the experimental data were 

0.057 for the FLS/9-AA mixture and 0.11 for the other two solutions. The deviations 

between the expected and calculated parameters for the PRODAN/TNS and NATyrA/NATA 

mixtures thus may be partially explained by the data being close to the limit of resolvability.

One other explanation for the lack of precision in the recovered values could be due to 

correlation among the parameters, such that the value of one parameter can vary to 
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accommodate a change in another one, without affecting the value of χR
2. We therefore 

examined the correlation coefficients for the fits of three sets of experimental data. 

Substantial correlation between the parameters yields values of 0.9–1.0. Between τ1 and τ2 

the values were 0.603, 0.398, and 0.490 for the FLS/9-AA, PRODAN/TNS, and NATyrA/

NATA mixtures, respectively. The correlation coefficients between f2(λ) and the lifetimes 

ranged from −0.84 to −0.50, −0.67 to −0.16, and −0.91 to −0.54 for these mixtures. The 

values are relatively low, indicating the parameters are not highly correlated according to 

this criteria.

CONCLUSIONS

Multifrequency phase sensitive fluorescence can be used to resolve two-component mixtures 

when the lifetimes, fractional intensities, and spectral distributions are unknown. This 

method was developed as a possible alternative, and perhaps more rapid technique, than 

measurements of phase and modulation values at multiple frequencies and wave lengths for 

multicomponent analysis (12, 15). A large number of phase sensitive spectra are needed to 

determine the many parameters associated with the unknown emission spectra. Hence, even 

for two-component mixtures about 8 h were needed to collect adequate data. This is about 2-

fold less than that needed to measure frequency-dependent phase and modulation data at a 

similar number of wavelengths. We have not attempted to optimize the acquisition rates for 

either type of experiment, and data acquisition is only partially automated.

At present, we are disappointed by the lack of precision in the recovered spectra and 

lifetimes, and for this reason we did not extend the technique to three-component mixtures. 

It is possible that we have not used the optimal arrangement for measuring the phase 

sensitive intensities. The phase angle control on our lock-in amplifier is rather coarse, and 

this device was not designed for accurate phase angle determinations. Improved phase angle 

precision, coupled with circuits to unambigiously eliminate instrumental drift during the 

lengthy data collection, may yield substantial improvements in resolution. Similarly, it may 

be advantageous to retain the absolute intensities of the phase sensitive spectra. In the 

present analysis, we cancelled the effects of frequency-dependent demodulation by dividing 

by the magnitude spectra. Retention of the intensity information is likely to further constrain 

the fits and hence improve resolution.

The resolution might also be improved by alternative methods of data analysis. We relied 

solely on nonlinear least squares. However, the multidimensional nature of the data makes it 

suitable for matrix methods such as factor analysis and related methods (43, 44). If the 

resolution of this method can be improved, then it seems probable that it would be generally 

useful for multicomponent analysis of mixtures and in the study of photosynthetic systems 

(37).
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APPENDIX

In the analysis we use the PS ratio spectra, Rp and Rq, which are compared with the 

calculated values, Rcp and Rcq. Recalling that for a single exponential decay mi = cos θi and 

tan θi = ωτi, the ratio spectrum Rcp is given by

Rcp λ, θD, ω =
∑i f ci(λ) cos atn ωτci cos θD − atn ωτci

∑i f ci(λ) cos atn ωτci
(A1)

The expression for the quadrature spectrum is similar except θD is replaced with θD + 90°. 

The equation is presented in terms of fi(λ) and τi because we need the derivatives with 

respect to these parameters, and our program is written in terms of these parameters.

The nonlinear least-squares routine, written in Basic-11, runs on a DEC 11/73 computer and 

may be obtained from J.R.L. The program uses analytical derivatives with respect to τci and 

fci(λ). The derivatives are given by

∂Rcp/ ∂τci =
A − BRcp

∑i f ci(λ) cos atn ωτci
(A2)

where

A =
f ci(λ)ω sin θD − 2atn ωτci

1 + ω2τci
2 (A3)

B = −
f ci(λ)ω sin atn ωτci

1 + ω2τci
2 (A4)

and

∂Rcp/ ∂ f ci(λ) =
C − DRcp

∑i f ci(λ) cos atn ωτci
(A5)

where

C = cos atn ωτci cos θD − atn ωτci (A6)

and

D = cos atn ωτci (A7)

For nonlinear least-squares analysis the usual weighting factor is l/σ2, where (σ2)1/2 is the 

standard deviation of the measurement (39). The selection of a weighting factor for analysis 

of the single frequency PS data has been discussed in detail (36). In the previous analysis the 
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Ip and Iq spectra were analyzed, rather than the ratio spectra. Then, the weighting factor σ 
was

σ = 0.01S Im(λ) 1/2
(A8)

where Im(λ) is the average of Im(λ) over the measured wavelengths. In the present analysis, 

the ratio spectra are fit, and therefore Im is dropped from the weighting factor as described 

by eq 10. The values of χR
2 were mostly constant at all frequencies. Hence, we believe that 

the level of noise in the ratio spectra is independent of frequency, and we used a frequency-

independent weighting factor.

Although the chosen value of the percent (S) will affect the magnitude of χR
2, the value of S 

does not affect the relative values of χR
2 for one-, two-, or three-component fits of the same 

data. Thus, the value of S does not limit the selection of the correct number of components 

in the sample. We choose the value of S from experience. For example, if a two-component 

fit of a known two-component sample yields a χR
2 near 1.0 with 2% noise, then we can 

assume the noise level is actually near 2%. We consistently found noise levels between 1 and 

3% for the VFPS data.
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Figure 1. 
Determination of the lifetimes and emission spectra of a two-component mixture. The 

separately measured spectra of FLS (—), 9-AA (—), and the mixture (—) are shown. The 

calculated spectra are also shown for the 4.51 ns (○) and 9.30 ns (□) components. All 

solutions were in 100% ethanol. The lifetimes and emission spectra were variables In the 

analysis.
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Figure 2. 
Resolution of TNS and PRODAN mixture. The separately measured emission spectrum of 

the mixture is shown as a bold line (—), and the spectra of TNS and PRODAN as thinner 

lines (—). The calculated spectra are shown for the 8.08 ns (□) and 3.83 ns (○) components. 

The solutions were In 100% ethanol.
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Figure 3. 
Phase sensitive spectra of TNS and PRODAN mixture. Phase sensitive spectra of the TNS 

and PRODAN mixture measured at 18 MHz (left) and 33 MHz (right). The spectra were 

measured at 0, 80, 110, 130, and 180° relative to POPOP. The true phase angles relative to 

the Incident light are 8.7, 88.7, 119, 139, and 189° at 18 MHz and 15.6, 95.6, 126, 146, and 

196° at 33 MHz.
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Figure 4. 
Resolution of a mixture of NATyrA and NATA: steady-state spectra of the mixture (—) and 

NATyrA and NATA (—). Calculated spectra were as follows: 1.71 ns (○); 3.48 ns (□). The 

buffer was 25 mM Tris-HCI, pH 7.5.
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Figure 5. 
Analysis of simulated phase sensitive spectra: simulated emission spectra (—). Calculated 

emission spectra were as follows: τ1 = 5 ns and τ2 = 10 ns (○), τ1 = 5 ns and τ2 = 8.5 ns 

(□).
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Table I.

Resolution of Two-Component Mixtures by VFPSD

compounds component fit measd τi ns calcd τi ns χR
2

FLS/9-AA
a 1 6.05 5.72

2 4.54
b
 (0.02) 4.51 (0.032)

c 0.54

9.85 (0.02) 9.30 (0.092)

3 2.03 (0.44) 0.50

5.23 (0.20)

9.76 (0.22)

PRODAN/TNS
d 1 4.88 4.74

2 3.45 (0.068) 3.83 (0.041) 0.99

7.89 (0.11) 8.08 (0.16)

3 2.55 (0.66) 0.94

6.69 (0.53)

4.19 (0.31)

NATyrA/NATA
d 1 2.74 23.4

2 1.51 (0.19) 1.71 (0.024) 2.6

2.92 (0.18) 3.48 (0.013)

3 1.34 (0.045) 1.7

3.40 (0.16)

4.21 (0.34)

a
The VFPS data were analyzed from 480 to 560 nm (17 wavelengths) with an assumed noise level of 2%. 54 files were used in the analysis, 

representing six θD between 0 and 100° for Ip and six θD between 90 and 190° for Iq, at nine F from 2.0 to 92.0 MHz.

b
Lifetimes of single-component solutions measured under the same conditions as the VFPS data.

c
The values in parentheses are the standard deviations calculated from the diagonal terms of the covarience matrix (39).

d
As in footnote a, but 40 files were used in the analysis with data from 10 θD (for Ip between 0 and 80°) at 8 F between 3.0 and 108.0 MHz and 23 

wavelengths between 400 and 510 nm, assuming 3% noise.

e
As in footnote a but 48 files were used including data from 7 F between 11.37 and 113.7 MHz, over 25 wavelengths between 290 and 410 nm, 

assuming 2% noise.

Anal Chem. Author manuscript; available in PMC 2020 January 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Keating-Nakamoto et al. Page 23

Table II.

Analysis and Resolvability of Simulated Data

τ2/τ1 Δλ F θD % noise λ SD/τi SD/f2(λ) Res
a

2.0
b 20 7 12 2 13 0.015 0.099 +

1.8
c 0.016 0.13 M

1.7 0.018 0.17 −

2.0
d 10 0.021 0.12 M

5 0.031 0.18 −

2.0
e 20 5 0.016 0.10 M

4 0.016 0.16 −

2.0
f 20 7 8 0.018 0.13 M

6 0.021 0.13 −

2.0 20 7 12 3 0.022 0.14 M

4 0.030 0.21 −

2.0
g 20 7 12 2 11 0.018 0.12 M/−

9 0.026 0.18 −

a
If Res is +, M, or −, the data are resolvable, marginally resolvable, or not resolvable

b
For all simulated data, τ1 = 5.0 and τ2 = 10 ns and λ1 = 470 and λ2 = 490 nm. Data for seven F between 3.0 and 93.0 MHz, 12 θD total (six θD 

between 0 and 100° for Ip data), and 13 wavelengths between 450 and 510 nm, were fit except as indicated. See text for further details.

c
Data as in footnote b but τ2 = 9.0 (τ2/τ1 = 1.8) or 8.5 (τ2/τ1 = 1.7) ns.

d
As in footnote b but λ2 = 480 (Δλ = 10) or 475 (Δλ = 5) nm.

e
Data fit as in footnote b but using five (3, 18, 33, 63, 93 MHz) or four (3, 33, 63, 93 MHz) frequencies (F).

f
Data fit using eight (for L at 0, 20, 60, 100°) or six (for Ip at 20, 60, 100°) detector phase angles (θD).

g
The number of wavelengths were 11 (from 455 to 505 nm) or 9 (from 460 to 500 nm).
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