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Fluorescence phase shift and demodulation methods were used in the analysis of excited-state reactions and to investigate
solvent relaxation around fluorophores in viscous solvents. The chosen samples illustrate the results expected for fluorophores
bound to biological macromolecules. These moderately simple samples served to test the theoretical predictions described in
the preceding paper (J.R. Lakowicz and A.B. Balter, Biophys. Chem. 16 (1982) 99.) and to illustrate the characteristic features
of phase-modulation data expected from samples which display time-dependent spectral shifts. The excited-state protonation
of acridine and exciplex formation between anthracene and diethylaniline provided examples of one-step reactions in which the
Iifetimes of the initially excited and the reacted species were independent of emission wavelength. Using these samples we
demonstrated the following: (1) Wavelength-dependent phase shift and demodulation values can be used to prove the
occurrence of an excited-state process. Proof is obtained by observation of phase angles (¢) larger than 90° or by measurement
of ratios of m /cos ¢ =1, where m is the modulation of the emission relative to that of the excitation. (2) For a two-state
process the individual emission spectra of each state can be calculated from the wavelength-dependent phase and modulation
data. (3) The phase difference or demodulation factor between the initially excited and the reacted states reveals directly the
fluorescence lifetime of the product of the reaction. (4) Phase-sensitive detection of fluorescence can be used to prove that the
lifetimnes of both the initially excited and the reacted states are independent of emission wavelength. (5) If steady-state spectra
of the individual species are known, then phase-sensitive emission spectra can be used to measure the lifetimes of the individual
components irrespective of the extent of spectral overiap.- (6) Spectral regions of constant lifetime can be identified by the
ratios of phase-sensitive emission specira. In addition, we examined 6-propionyl-2-dimethylamincnaphthalene (PRODAN) and
N-aceryl-L-tryptophanamide (NATA) in viscous solvents where the solvent relaxation times we_ s comparable to the fluores-
cence lifetimes. Using PRODAN in n-butanol we used 2 /cos ¢ measurements, relative to the blue edge of the emission, to
demonstrate that solvent relaxation requires more than a single step. For NATA in propylene glycol we used phase-sensitive
detection of fluorescence to directly record the emission spectra of the initially excited and the solvent relaxed states. These
measurements can be easily extended to fluorophores which are bound to proteins and membranes and are likely to be useful
in studies of the dynamic properties of biopolymers.

1. Introduction

In the preceding paper [1], we presented theory
and model calculations which illustrated the char-
acteristic features of fluorescence phase shift and

Abbreviations: PRODAN, 6-propionyl-2-dimethylamino-
naphthalene; TNS, 2-( p-toluidinyl)-6-naphthalenesulfonic acid;
NATA, N-acetyl-L-tryptophanamide.
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demodulation data expected for fluorophores
which display time-dependent spectral shifts. In
the current paper, we present data obtained from
samples which undergo a one-step reaction and
from samples which display more complex time-
dependent spectral shifts. Our objective was not to
analyze the specific reactions in detail. Rather, we
wished to compare data with the theoretical pre-
dictions made in the preceding paper and to de-
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termine the feasibility of the novel procedures
suggested in this paper. Only a few reports [2—6]
are available which describe phase shift or demod-
ulation measurements on systems which undergo
excited-state reactions or relaxation. Conse-
quently, we examined several such cases to learn
the general features of these data and we attempt
to explain the physical significance of the data.

The first reaction examined was the excited-state
protonation of acridine in the presence of am-
monium nitrate [7]. In the excited state the pK_ of
neutral acridine increases from 5.45 to 10.7. The
excited-state reaction is the removal of a- proton
from ammonium ions. The fluorescence emission
of acridinium is considerably red shifted relative
to the initially excited neutral acridine. This reac-
tion provides an example of a one-step (two-state)
reaction which appears to be irreversible at low
ammonia concentrations. The lifetimes of the neu-
tral and charged species are independent of emis-
sion wavelength. This simple system serves to il-
lustrate many of the predictions described in the
previous theoretical paper [1].

As a second example of a one-step irreversible
reaction we examined exciplex formation between
anthracene and diethylaniline. The emission spec-
tra of the monomer and exciplex emission are
widely separated, allowing one to assign the phase
and modulation values observed on the blue and
red sides of the emission to those of the monomer
and exciplex, respectively. The wavelength-depen-
dent phase and modulation values were used to
calculate the emission spectrum of each species.

The third excited-state process we examined
was solvent relaxation of n-butanol around the
excited state dipole moment of 6-propionyl-2-di-
methylaminonaphthalene (PRODAN). The emis-
sion spectrum of this fluorophore is highly sensi-
tive to solvent polarity [8], probably as a result of
interactions of the widely spaced carbonyl and
amino residues with solvent dipoles. In the excited
state it appears that negative and positive charges
are localized on the carbonyl and amino residues,
respectively [9]. Solvent relaxation around PRO-
DAN was selected because it displayed more com-
plexity than the two-state reactions described
above. On the red and blue edge sides of the
emission the apparent lifetimes approached con-

stant values [5], suggesting that the relexed and
unrelaxed emission could be selectively observed
to a reasonable extent. However, the existence of
at least two steps (three states) in the relaxation
process was suggested by the two sites (amino and
carbonyl) of interaction with solvent dipoles. Thus,
this reaction was favorable for the use of differen-
tial-wavelength »/cos ¢ values to determine if the
excited-state process involves more than a single
step [1]. The emission spectral properties of PRO-
DAN and its analogues are sensitive to the dy-
n:mic properties of both proteins and membranes
[>.8,10] and thus a further understanding of the
details of spectral relaxation will be valuable in
interpreting the data obtained using labeled bio-
polymers.

And finally we examined an uncharged tryp-
tophan analogue, N-acetyl-L-tryptophanamide
(NATA), in propylene glycol at various tempera-
tures. We used phase-sensitive detection of fluores-
cence to resolve apparent spectra ot the initially
excited NATA molecules from the spectra of those
molecules around which solvent relaxation is
mostly complete. Of course, these results serve to
model the fluorescence from tryptophan residues
in proteins. Detailed interpretation of the spectral
data is hindered by the strong overlap of the
relaxed and the unrelaxed states. In addition,
solvent relaxation around NATA is almost cer-
tainly more complex than a one-step process. Con-
sequently, the resolution of spectra is not unique.
Nonetheless, the results illustrate the potential of
resolving relaxed and unrelaxed states of a tryp-
tophan derivative and indicate the expected prop-
erties of tryptophan fluorescence in a viscous en-
vironment. Similar data obtained from proteins
may yield further insights into the rates of spectral
relaxation of tryptophan fluorescence from pro-
teins and thus the dynamic properties of the
peptide chains. In total these results illustrate the
potential of phase-modulation fluorometry in the
analysis of time-dependent spectral shifts on the
nanosecond time scale.

2. Theory

The theory of phase-modulation analysis of ex-
cited-state processes was described in detail in the
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preceding paper. In this section we summarize the
results and equations necessary for understanding
the data presented in the current paper.

Consider an excited-state reaction in which an
initially excited fluorophore (F) decays by return
to the ground state with a rate constant I'z and by
reaction with a rate constant k,. Reaction yields a
new species R whose emission is red shifted rela-
tive to F. The R state is assumed to decay with a
rate constant I'y = 75 . We assumed that the reac-
tion is irreversible and that the lifetimes of the F
and R states are individually independent of emis-
sion wavelength. Hence, in regions of nonoverlap
between these emissions the phase and modulation
values are expected to be constant. Because of the
assumed irreversibility these values are only de-
pendent upon the kinetic constants of the ap-
propriate state. In regions of spectral overlap the
phase and modulation values are dependent upon
wavelength. For simplicity, we have not listed
separately the rates of radiative (A) and nonradia-
tive (k) dGecay. The total decay rates are T = A
+keand Ty =Ag + kg

The lifetime of the F state is given by 7 = (I'¢
=+ k;)” 1. Under favorable circumstances emission
from the F state may be separately observable on
the blue side of the emission. This lifetime may be
obtained from either the phase angle ($z) or the
demodulation factor (m) of its emission,

tanop=w/(Tg+ k)= w7 )
I'e+k, _ 1 @

mg

\/(rF+k,)2+ W@ Y14 ws2

where « is the circular frequency of the sinusoid-
ally modulated exciting light.

The phase angle (¢x) and the demodulation
factor (my) of the reacted state, when measured
relative to the exciting light, do not directly yield
the lifetimes by the usual expressions {13}, which
are similar to egs. 1 and 2. These measured param-
eters are instead dependent upon the kinetic con-
stants of both the F and R state [1].
w(Tg+Te+ k)
Tr(Te+k))—w®

Tr

mR=mF_2,____—2 (4)
‘/I‘R + w

3

tan o =

However, the intrinsic properties of the R state
can be measured directly by phase-modulation
fluorometry. Wavelengths must be chosen which
allow each state to be observed independently.
Then :the phase difference between the R and F
states (A¢ = ¢z — ¢) and the demodulation fac-
tor between these states (mi; /m¢) can be used to
calculate the intrinsic lifetime of the R state 74,
assuming this state could be excited directly.

tan A¢ = w /T = w7y (&)
m T, 1

7:: /T2 1.1 2 = 2 ©

VIg + o
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We note that similar expressions, which contain
only the kinetic constants of the R state. apply for
reversible excited-state reactions [1].

The rzlatively simple equations listed above al-
low one to quantify the rates of excited-state
processes. The simple two-state model, in which
the lifetimes of each state are independent of
wavelengths, can be further analyzed by phase-
modulation methods. The wavelength-dependent
phase (¢(A)) and modulation (72(A)) values per-
mit calculation of the emission spectrum of the F
and R states. Assume these states can be observed
independently on ‘the blue and red sides of the
emission, respectively. Then the fractional inten-
sity of each state can be calculated from

m(A) cosd(A)— myp cos ey
MECOSQE — Mg COS g

ap(A)= €))

m(A)cosd(A)—mg cosdp
Ngp COS O — Mp COS O

ag(A)= (®)
where m(A) and ¢(A) are the wavelength-depen-
dent modulations and phase angles, and mg, m5,
and ¢z, ¢p are the modulation and phase values
observed on the blue and red sides of the emission.
These fractional intensities, and the steady-state
emission spectrum wavelengths (A), can be used to
calculate the spectra of the unreacted (Zz(A)) and
the reacted (/z(A)) states using

Te(A)=ap(A)I(A) ®)
Ir(A)=ar(A)I(X) (10)
where I(A) is the steady-state emission spectrum.

Phase-modulation methods can also be used to
distinguish between an excited-state process and
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ground-state heterogeneity. If the emission at a
given wavelength results from an excited-state pro-
cess then the apparent phase and modulation life-
times increase with increased modulation
frequency, phase angles can exceed 90°, and the
ratio m/cos¢ can exceed unity. Observation of
any of these effects proves that the observed emis-
sion was not formed by direct excitation. These
unique features are a result of the phase angles of
cach emitting specie$ adding together and the total
demodulation being the product of the individual
demodulation factors. Use of trigonometric rela-
tions allows one to demonstrate from egs. t and 3
that

¢r = ¢r + ok (1)

where o% is the intrinsic phase angle of the R
state, tan ¢ = w7R. Furthermore, eq. 4 yields

my =memy (12)
where
1
mp = ———— (13)
V1+ 0?2

Using egs. 11 and 12 one may readily show that
the ratio my /cos ¢y is larger than unity for non-
zero values of ¢ and ¢%. Ratios larger than unity
are equivalent to apparent phase lifetimes (77)
which are larger than the apparent modulation
lifetimes (+™). In addition, the additive nature of
the individual phase angles results in the increase
in apparent lifettme with modulation frequency
and the possibility of phase angles in excess of
90°. Egs. 1-13 were used in our analysis of the
two-state reactions, i.e., protonation of acridine
and exciplex form:ation by anthracene.

‘We also examined solvent relaxation around the
fluorophores PRODAN, TNS and NATA. In these
instances it seems unlikely that spectral relaxation
occurs in a single step. In fact, our data for
PRODAN in butanol proved that more than a
single step is involved in spectral relaxation. This
proof involved measurement of the ratio m/cosé
relative to the blue edge of the emission,
(m/cos ¢)ge- For a single-step reaction
(#11/cos ¢) g 1s always less than or equal to unity.
If (3:1/cos o)== 1 then the long wavelength emis-
sion is not formed directly from the F state, but
instead through an intermediate state [1].

It 1s instructive to note the effects of multiple-
step relaxation on the iifetimes observed on the
blue edge of the emission. These values are
tan ¢ = w /(g + nk)) (148)
me= __Iﬂ’k'___ 15)

V(T + nky)? + o?

where 7 is the number of steps. As n» becomes large
the spectral relaxation becomes continuous rather
than stepwise [23]. If spectral overlap of the emis-
sion from the various states does not prevent
observation of ¢y or m, then ¢ approaches zero
and m approaches unity as » increases. Hence,
both the apparent phase and modulation lifetimes
approach zero. In contrast, for a one-step reaction,
these lifetimes are constant values (egs. 1 and 2). If
spectral overlap is not dominant then the phase
and modulation data on the blue edge of the
spectrum can distinguish between a one-step and a
continuous-relaxation process.

Phase-sensitive detection of fluorescence [15,21]
was used for both our studies of excited-state
reactions and of solvent relaxation. Assume emis-
sion occurs from two states (F and R) and that
each state has a characteristic phase angle. Then
for sinusoidally modulated excitation the fluores-
cence intensity is

F(t)=kgsin(wt— ¢p)+ kg sin(wr — ép) (16)

where k; are constants which depend upon the
sample. When examined with a phase-sensitive
detector a nonmodulated signal is observed which
is dependent upon the detector phase angle ¢p;

F(¢p)=kgcos(ép— o)+ kg cos(ép— ¢r) (17)

By variation of ¢, the contribution of the F and R
states can be varied. Choice of |¢,— ¢;| =90°
allows the contribution of either species to be
totally suppressed. Then the directly recorded
emission spectrum is superimposable on the
steady-state spectrum of the unsuppressed species.

3. Instrumentation and procedures

All fluorescence spectral data were obtained
using a phase-modulation spectrofluorometer [13]
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from SLM Instruments, Inc. Steady-state data were
obtained in this same instrument by disconnecting
logic level signals which normally control the mod-
ulation tank and its amplifiers. The experiments
required measurement of phase shifts and demod-
ulation factors at various emission wavelengths.
Such measurements are frequently complicated by
the wavelength-dependent time response of the
photomultiplier tubes. We minimized this poten-
tial problem by the use of reference solutions in
place of the usual scattering solutions [20]. These
reference solutions have known fluorescence life-
times. As a result, the phase angles and modula-
tions observed for these solutions are readily trans-
formed to yield the phase and modulation of the
exciting light, now free of wavelength- and geome-
try-dependent effects. The reference solutions were
either p-bis[2-(5-phenyloxazolyl)]benzene (POPOP)
or 1,4-bis[2-(4-methyl-5-phenyloxazolyl)jbenzene
in ethanol. The reference lifetimes used for these
solutions were 1.35 and 1.45 ns, respectively [20].

Phase-sensitive fluorescence spectra were ob-
tained using a lock-in amplifier, as described pre-
viously {15,21]. Phase-sensitive detection is per-
formed on the low frequency cross-correlation sig-
nals. The reference channel of the phase-modula-
tion fluorometer is used as the reference signal for
the lock-in amplifier. Details .of the samples and
the spectral conditions used can be found in the
figure legends.

4. Results
4.1. Excited-state protonation of acridine

The fluorescence emission spectra of acridine in
aqueous solution are highly dependent upon pH
and the concentration of proton donors. In basic
solution an emission maximum of 430 nm was
observed (fig. 1). Upon acidification this spectrum
was replaced by a red-shifted spectrum with an
emission maximum of 475 nm. The former spec-
trum is due to neutral acridine (Ac) and the latter
is due to the acridinium cation (AcH™). Since the
ground-state pK, of acridine is 545, only the
neutral species is present at pH 8.3. Nonetheless,
increasing concentrations of ammonium jon, at
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Fig. 1. Fluorescence emission spectra of acridine. Spectra are
shown of the neutral and protonated forms of acridine (top)
and of acridine with increasing concentrations of ammonium
ion (bottom). Excitation was at 340 nm using a 10 nm band
pass interference filter. The emission band pass was 8 nm. The
temperature was 20°C. Solutions were not purged with inert
gas. The acridine concentration was 23X 10~5 M.

pH 8.3, yieid a progressive quenching of the short
wavelength emission with concomitant appearance
of the emission from the acridiniumn ion (fig. 1).
These spectral shifts are results of protonation of
the excited neutral acridine molecule by am-
monium. Protonation occurs because excitation
results in an increase in the pK, of acridine 1o 10.7
{71

This excited-state reaction is a useful model for
testing the phase-modulation theory described in
the previous paper [1]. It is a two-state process
which is essentially irreversible. Time-resolved
studies by Gafni and Brand [7] demonstrated that
at 410 nm the decay is a single exponential. At 560
nm the fluorescence decay can be described with
two lifetirnes, one of which is the same as observed
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at 410 nm. Using a pulse fluorometer we obtained
essentially identical results. The two lifetimes were
independent of emission wavelength but the preex-
ponential factors were dependent upon emission
wavelength [11]. These data imply that the lifetime
of each species (Ac and AcH™) is constant across
its emission spectrum, and that our irreversible
two-state theory is adequate to describe this ex-
cited-state process. Hence, the excited-state proto-
nation of acridine-provides an ideal model system
to verify the simplest case of our theory. In addi-
tion, a moderate degree of complexity is provided
by the spectral overlap at wavelengths larger than
410 nm. Examination of the emission spectra
(fig. 1) reveals a region where only the neutral
species emits (390-410 nm), a region of strong
overlap (440-500 nm), and a region of moderate
overlap where the spectrum is dominated by the
AcH™ emission (= 500 nm).

2. Effects of the excited-state protonation upon the
phase angles of the emission

The apparent phase lifetimes (77) for acridine
in 0.05 N NaOH, 0.1 N H,SO, and 2M NH,/NO,.
as observed the phase method, are shown in fig. 2.

0.5 N H,50, - s - - 65
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Fig. 2. Apparent phase lifetimes of acridine. The inserted axis
indicates the phase angles relative to the exciting light. The
phase angle difference between the red (o) and blue (¢F)
regions of the emission reveals the lifetime of the acridinium
cation. We note that measured phase angles, relative to the
exciting light, do not yield true lifetimes for the acridinium
cation (eq.3 and ref. 1). Additional experimental details are
given in the Iegend to fig. 1.

In the acidic and basic solutions, where only one
species is present in both the ground and excited
states, the lifetimes (or phase angles) are indepen-
dent of emission wavelength. In contrast, in 2M
NH,4NO; the lifetimes are highly dependent upon
wavelength because of protonation of acridine
subsequent to excitation. At short wavelengths
(410 nm) where neutral acridine emits we found
that the lifetimes decrease according to the Stern-
Volmer equation with a dynamic quenching con-
stant for ammonium ion of 0.78 X 10° M~ s~ !, in
agreement with earlier reports [7]. For this calcula-
tion, we assumed [NH} ]/[NH,] equaled 8.51, as
calculated from the pK, of ammonium ion (9.23).
At longer wavelengths the apparent lifetime in-
creased until a nearly constant value is reached for
wavelengths longer than 500 nm. In this wave-
length range the emission is dominated by the
acndinium ion. The constant lifetime, or more
correctly phase angle, on the red and blue sides of
the emission may be regarded as evidence for the
two-state model. In contrast, if the overall emis-
sion were shifting to longer wavelengths according
to the continuous Bakhshiev model such constant
regions are not expected [14,23]. Overall, the phase
data for acridine may be regarded as typical for a
two-state reaction with moderate spectral overlap.
These characteristics are a decrease in lifetime on
the blue side of the emission, an increase in life-
time with emission wavelength and nearly constant
lifetimes on the blue and red sides of the emission.

4.3. Direct measurement of the lifetime of the reac-
tion products

An interesting potential of phase fluorometry is
the ability to measure directly the intrinsic lifetime
of the reacted species. Although the protonation of
acridine is essentially irreversible the intrinsic life-
time of the reacted species can also be measured
for reversible excited-state reactions [1]. By intrin-
sic we mean the lifetime which would be observed
if this species were formed by direct excitation
rather than by an excited-state reaction. The in-
trinsic lifetime of the reacted species is revealed by
the phase difference (A¢) between the blue and
red sides of the emission (A¢p=¢x — o). Such
measurements are readily performed using com-
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Fig. 3. Fluorescence lifetime of acridinium as observed by the
phase angle difference between the short- and long-wavelength
regions of the emission. The wavelengths chosen for measure-
ment of the F and R states were 400 and 560 nm. respectively.
The phase difference between the F and R states reveals the
intrinsic lifetime of the directly excited R state (eq. 5).

mercially available instrumentation, and this pro-
cedure is illustrated by the insert on fig. 3. For
example, consider the phase difference between
400 and 560 nm shown on fig. 2. This phase angle
difference (A¢ = 51.5°) yiclds the lifetime of the
acridine cation (7(AcH%)) according to

tan A¢ = wr(AcH™) 18)

One may understand this simple result by realizing
that the excited neutral acridine population is in
fact the origin of the excited acridinium molecules,
and thus the excitation pumping function. The
calculated lifetime in 2 M NH,NO, is 20 ns, which
is considerably shorter than that of acridinium in
0.1 N H,SO, (30 ns). In this instance the shorter
value is a result of quenching of the emission by
NH,NO;, and not spectral overlap of the emission
of acridine and acridinium (see below).

More detailed measurements of A¢ are shown
in fig 3. Clearly, A¢ is not constant, as might be
expected for the emission of acridinium. At low
concentrations of ammonium ion the apparent
lifetimes of acridinium are shorter than the ex-
pected value of 30 ns. This is a result of the low
emission intensity of acridinium, and the greater
relative importance of the emission of neutral
acridine at 560 nm. In this differential-wavelength
phase measurement the emission at 560 nm of the

directly excited neutral acridine acts as a zero-life-
time component, thereby shortening the apparent
lifetime of the acridinium. At higher ammonium
concentrations the measured lifetimes become
longer, but a value of 30 ns is not observed due to
quenching of the acridinium emission by NH ,NO;.
These results were confirmed by pulse measure-
ments in which we deconvoluted the 560 nm emis-
sion using the time-response observed at 400 nm
[11]. This differential-wavelength deconvolution
method also reveals the lifetime of the reacted
species, irrespective of the reversibility or irreversi-
bility of the reaction. In addition, this deconvolu-
tion method yields the relative intensity of the
initially excited state at the longer observation
wavelengths [11]. These time-resolved measure-
ments confirmed the presence of neutral acridine
emission at 560 nm. We conclude that
wavelength-differential phase measurements can
provide reliable lifetimes of reacted species provid-
ing spectral overlap 1s ~orrected for or minimized.

4.4. Proof of an excited-state process by comparison
of apparent phase and modulation lifetimes

Phase measurements alone, at a single modula-
tion frequency, cannot be used to calculate the
individual lifetimes in samples which display more
than a single lifetime. Hence, the increase in phase
angle at long wavelengths shown in fig.2 could
also be attributed to a second directly excited
fluorophore with a longer lifetime. Of course. the
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Fig. 4. Apparent phase and modulation lifetimes of acridine.
Also shown is the wavelength dependence of m /cos ¢.
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decrease in the phase lifetime at short wavelengths
indicates a quenching process. A rigorous proof of
the presence of an excited-state process is obtaina-
ble by comparison of the phase shift and demodu-
lation data from the same sample. Fig.4 shows
apparent phase and modulation lifetimes for
acridine in 0.2 M NH_,NO;, and the ratio m /cos ¢.
On the blue edge +P == 7™ and m/cos ¢ == 1, indica-
tive of a single-exponential decay [13] and thus, an
irreversible reactron [12]. In the central overlap
region, 7P <+™ and m/cos¢ < 1, which is indica-
tive of heterogencous emission [13]. The most in-
teresting and informative results were observed for
wavelengths longer than 500 nm where 7P=+"
and m/cos = 1. Such results are impossible for
an exponential decay or for any degree of hetero-
geneity. This observation proves that the emission
at these longer wavelengths was not a result of
direct excitation, but rather a result of an excited-
state process [1,5,14].

For the species formed subsequent to excitation
(R) the ratio m/cos ¢ is given by

»” 1
COSo 1— wlrpTe

(19)

where 7 is the lifetime of the unrelaxed state (6 ns,
fig. 4) and 7 is the intrinsic lifetime of the relaxed
state (23 ns, fig. 3). The calculated value of 2.20 is
larger than the observed value of 1.4. The observed
ratio is significantly less than the expected value.
We note that m/cos¢ and 7P are not constant
with increasing wavelength, but rather increase
monotonically. This implies spectral overlap, since
m/cos¢ and 7P would be constant if only single
species were being observed [1]. Spectral overlap
of the directly excited acridine fluorescence caused
the decreased value of m/cos¢ when compared
with the value calculated from eq. 19. However,
irrespective of the interference due fo spectral
overlap, the observation of m/cos¢ greater than
unity proves the occurrence of am excited-state
process.

4.5. Differential-wavelength measurements of
m/cos ¢

In the previous paper [1], we demonstrated that
for a one-step excited-state process m/cos ¢ of the
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Fig. 5. Measurement and model calculations of m /cos . Mea-
surements of 71 /cos ¢ were performed relative to the exciting
light and relative to the emission at 400 nm. Also shown are
model calculations using parameters comparable to the
acridine-acridinium system. The emission of the F and R states
was assumed to be centered at 430 and 478 nm, respectively,
and the standard deviations of the assumed Gaussian distribu-
tions were both assumed equal to 1.6 kK (1 kK= 1000 cm— ).

relaxed state, when measured relative to the ini-
tially excited state, is unity. We will call this
measured value (72 /cos ¢ ). In constrast, if spec-
tral relaxation involves two or more steps, then
(m/cos ¢)pg can exceed unity. Since the acridine-
acridinium system is a well documented one-step
reaction, we used this model system to test these
predictions. We measured m/cos ¢ relative to the
emission at 400 nm (fig. 5). For neutral acridine
(m/cosd)py is unity at all wavelengths, as is
expected for a single-exponential decay. In con-
trast, for acridine in 0.2 M NH_ NO, (m72/cos ¢)rs
is less than unity at wavelengths near 450 nm and
approaches unity at longer wavelengths. The de-
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crease in (7/cos¢)ry near 450 nm is due to
spectral overlap of the emission from acridine and
acridinium. The failure of (m/cos¢$)zy to reach
unity at longer wavelength is a result of the same
spectral overlap, the extent of which is diminished
at longer wavelengths.

Also shown in fig.5 are the results of model
calculations. The rate constants were chosen to be
similar to those known for acridine. The object of
these model calculations was to illustrate the
known origins of the (m/cos¢)g values, not to
model precisely the acridine data. Hence, we used
Gaussian distributions to represent the emission
from acridine and acridinium. On the high wave
number side of the emission both m/cos¢ and
(m/cos ¢)gg are unity, as was observed for
acridine-acridinium. In the central overlap region
m /cos ¢ and (m/cos ¢)g are both less than unity,
and the minimum values are in good agreement
with the observed values. On the low wave number
side of the emission (71/cos ¢ )i approaches unity
and m/cos¢ =1, again comparable with the
experimental data. In total, these data are con-
sistent with a one-step reaction in which the emis-
sion of both states overlap at all usable wave-
lengths on the red side of the emission. If the
excited-state reaction proceeded as a two-step pro-
cess (m/cosd)ge values could exceed unity. We
observed such behavior for PRODAN in n-butanol
due to solvent relaxation (fig. 13). It appears that
measurements of 71/cos ¢ can be useful in indi-
cating the complexity of excited-state processes.

4.6. Resolution of the individual emission spectra by
phase-sensitive detection of fluorescence

The above data indicated a simple two-state
reaction in which each species displayed a wave-
length-independent lifetime. Proof may be ob-
tained by the use of phase-sensitive fluorescence
spectroscopy [15]. Consider intensity-modulated
excitation of a solution which contains two fluo-
rescent components which have wavelength-inde-
pendent lifetimes. Each emission will display
wavelength-independent phase angles ¢ and ¢p.
One can choose the detector phase ¢, to be 90°
out of phase with either component, i.e., |¢p — ¢;|
= 90°. The phase-sensitive fluorescence spectrum

10
ACRIDINE IN O2M NHgNO3
pH=83

_____ STEADY STATE
PHASE SENSITIVE

135°+90° DETECTOR
PHASE

724 -90°

{degrees)
05f ~

PHASE SENSITIVE FLUORESCENCE (normolized)

1

1
400 500 600
WAVELENGTH (nonometers)

Fig. 6. Phase-sensitive fluorescence spectra of acridine in 0.2 M
ammonium nitrate. These phase-sensitive spectra are identical
to the steady-state spectra of acridine in 0.05 N NaOH (left)
and in 0.1 N H,SO, (right).

then contains contributions only from the unsup-
pressed component, and the recorded phase-sensi-
tive emission spectrum will superimpose on the
steady-state spectrum of the unsuppressed compo-
nent.

Fig. 6 shows such spectra for acridine in 0.2 M
NH_,NO,. We chose this concentration because
the emission of each species is present in nearly
equal amounts, as may be judged from the
steady-state emission spectra (dashed line). By
choice of the appropriate detector phase angle we
were able to obtain phase-sensitive spectra which

Table 1

Detector phase angles required for phase suppression of neutral
and protonated acridine

Frequency [INH;NO,} Phase angle (°) @ of
(MHz)
Ac AcH™
10 0.2 135 724
0.5 8.0 65.0
20 9.7 544
30 0.2 37.8 1129
0.5 184 107.0
2.0 6.6 879

® These phase angles were calculated from the phase angles
needed to suppress each component from the phase-sensitive
emission spectrum.
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overlapped precisely with the steady-state spectra
of either neutral or charged acridine. Similar re-
sults were obtained for ammonium concentrations
ranging from 0.2 to 2M (table 1). The ability to
obtain overlap of steady-state and phase-sensitive
spectra proves that only two species are present
and that the lifetime of each species 1s not depen-
dent upon emission wavelength. If the lifetime of
either species were wavelength dependent then it
would be impossible to suppress its entire emission
spectrum using a single detector phase angle. Some
portion of the emission would always be partially
in phase with the detector. As a result, the unsup-
pressed part of the spectrum would distort the
phase-sensitive spectrum of the second component
and this phase-sensitive spectruin could not over-
lap with either steady-state emission spectrum.
Thus, the results presented in fig. 6 prove that only
two spectral components with wavelength-inde-
pendent lifetimes are present. -

4.7. Measurement of wavelength-dependent phase
angles from phase-sensitive flucrescence speitra

Phase-:er;lgi.iive fluorescence spectra can also re-
veal wavelength-dependent phase angles. Typical
phase-sensitive spectra are shown in fig. 7. From
the spectrum obtained with ¢, = 101° one may
judge that the phase-sensitive intensities from 390

ACRIDINE IN
02M NHgNO3
pH=83

10 MHz
DETECTOR PHASE (degrees)

PHASE SENSITIVE FLUORESCENCE

1

560 600
WAVELENGTH (nonometers)

1
400

Fig. 7. Phase-sensitive fluorescence spectra of acridine in 0.2 M
ammonium nitrate.
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Fig. 8. Wavelength dependence of the phase angles and ap-
parent fluorescence lifetime as revealed by the phase-sensitive
fluorescence spectra. The values in square brackets are the
apparent lifetimes calculated from the zero crossing points.

to 430 nm will all be zero at a similar detector
phase angle. This result indicates that the phase of
the emission is relatively constant from 390 to 430
nm. The spectra at ¢, = 131, 151 and 171° reveal
the phase angles which increase continually at
wavelengths longer than 450 nm, as indicated by
phase-sensitive intensities of zero at longer wave-
lengths. This point is illustrated more dramatically
in fig. 8, where we have plotted the phase-sensitive
intensities vs. detector phase angle. The top panel
illustrates the constant zero-crossing angle for
wavelengths ranging from 395 to 420 nm. The
lower panel illustrates how the spectral overlap in
the long wavelength region results in increasing
phase angles with increasing wavelength. Au-
tomated data storage and manipulation methods
will facilitate the use of phase-sensitive fluores-
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Fig. 9. Wavclength dependence of the ratio of phase-sensitive
fluorescence intensities at various detector phase angles. The
spectrum obtained at ¢ =81° was chosen as the reference
spectrum.

cence spectra to obtain the wavelength-dependent
phase angles.

An alternative method for identifying regions of
constant phase angle is to form ratios of phase-
sensitive spectra at various detector phase angles
(fig. 9). For regions of constant phase angles these
ratios are also constant. This procedure may be of
value in the analysis of unknown multicomponent
samples. Once a region of constant phase is identi-
fied, one may remove this component from the
entire spectrum, and then further analyze the re-
mainder. A similar procedure was described for
infrared spectra [16].

4.8. Proof of an excited-state process by phase-sensi-
tive detection of fluorescence

The decreasing intensity and lifetime of neutral
acridine indicated an excited-state reaction with
ammonium ion, and observation of m/cosé =1
proved the presence of an excited-state reaction.
However, one may desire additional proof that the
longer-lived or longer-wavelength species is formed

by an excited-state reaction, and not from direct
excitation. In favorable cases such proof may be
provided by the observation of phase angles in
excess of 90°. For directly excited species the
phase angles cannot exceed 90°, even for infinitely
long lifetimes. However, because of the additive
nature of the individual phase angles, ¢z can
exceed 90° (eq. 11). This was observed for acridine
in NH,NO; (table1). For 0.2M NH_NO; the
phase angle of the acridinium emission was 113°
at 30 MHz. This value was calculated from the
phase angle required for suppression of this com-
ponent (23°). These angles provide clear proof of
an excited-state process.

We note an advantage of phase-sensitive detec-
tion of fluorescence for measurement of the phase
angles of components in a mixture. Our ability to
measure the phase angle of the acridinium emis-
sion was not compromised by the overlap of its
emission spectrum with that of neutral acridine.
Knowledge of the steady-state emission spectrum
of the neutral species permitted selection of ¢, to
completely suppress acridinium emission. In con-
trast, direct measurement of the phase angle of the
emission at a given wavelength does not yield the
actual phase of the emission from either species
because of spectral overlap at most usable emis-
sion wavelengths.

»
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Fig. 10. Phase angles and demodulation factors for anthracene
and its exciplex with diethylaniline. Anthracene was dissolved
in toluene and the concentration of diethylaniline was 0.2 M.
The excitation was at 357 nm, and the excitation and emission
band passes were both 8 nm. The solution was not purged with
inert gas. The temperature was 20°C.
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Fig. 11. Resolution of the monomer and exciplex emission of
anthracene. The spectra were calculated using eqs. 7-10 and
the data shown in fig. 10.

4.9. Resolution of the emission spectrum of anthra-
cene and its exciplex with diethylaniline

In our studies of the excited-state protonation
of acridine, we had available control samples which
displayed the emission spectra of each species.
This is not always the case, as is illustrated by the
formation of a charge-transfer complex between
anthracene and diethylaniline. In this instance, the
long wavelength exciplex emission cannot be ob-
served in the absence of the shorter wavelength
anthracene emission. However, the individual
spectra can be calculated from the phase-modula-
tion data measured across the emission spectra
(fig. 10). It is apparent that the values of ¢ and m
are constant on the blue and red sides of the
emission and these data are adequate to calculate
the emission spectra of both the monomeric and
complexed forms of anthracene (fig. 11). These
calculated spectra agree precisely with those ob-
tained previously using phase-sensitive detection
of fluorescence [15]. The ability to decompose the
steady-state spectra into two spectra which sum to
match the steady-state spectrum demonstrates that
the two-state model is adequate. If additional
species were present, the decomposition would not
be successful. We note that this experiment was
not designed to detect minor components. Addi-
tional data acquisition and analysis would be re-

6} PRODAN
in Butanol

sl 30 MHz

FLUORESCENCE LIFETIME (ns)

FLUORESCENCE
[=]
T

PHASE-MODULATION RESOLVED

[s] L 1 ] e
400 450 500 550
WAVELENGTH (nanometers)

Fig. 12. Resolution of the initially excited and relaxed states of
PRODAN from the wavelength-dependent phase and modula-
tion lifetimes. The top panel shows the apparent phase and
modulation lifetimes at —557C. Also shown are the steady-state
emission spectra at — 55 ( ) and 25°C (— — —). Excita-
tion was through a 340 nm interference filter with a band pass
of 10 nm. Emission was observed with monochromator and a
bandwidth of 8 nm. Polarizers were placed in the excitation and
emission beam to eliminate the effects of Brownian rotation
{23]. The concentration of PRODAN was 2X 1075 M. The
lower panel shows the spectra calculated using eqs. 7-10. We
assumed the phase and modulation values measured at 400 and
550 nm were those of the F and R states, respectively.

quired. Rather, our objective in this and all the
above descriptions was to demonstrate the use and
feasibility of using phase-modulation methods in
the analysis of sirmaple excited-state reactions.

4.10. Spectral relaxation in viscous solvents

In the preceding sections we examined the ex-
cited-state protonation of acridine in detail. We
described a variety of measurements, each easily
performed using a phase fluorometer, which reveal
the kinetics of excited-state processes. In the fol-
lowing sections we present similar measurements
for the more complex case of solvent relaxation
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around the excited states of solvent-sensitive fluo-
rophores. This process is an important determi-
nant of the emission spectra of fluorophores bound
to proteins and membranes [5.6,8,17,18].

The emission spectrum of PRODAN is highly
sensitive to the polarity and viscosity of the solvent
[8]. For comparison purposes we show the spectra
of PRODAN in #n-butanol at —55°C where re-
laxation is incomplete and at 25°C where relaxa-
tion is essentially complete. At low temperature
(—55°C), the apparent lifetimes are highly depen-
dent upon emission wavelength (fig. 12) and these
values increase with increasing wavelength. At
wavelengths longer than 470 nm we found 7P > ™.
The observation of phase lifetimes which are larger
than the modulation lifetimes at long emission
wavelengths proves emission is preceded by an
excited-state process.

We used the wavelength-dependant phase and
modulation data to calculate the emission spectra
of the relaxed and the unrelaxed states (eqgs. 7—10).
These calculated spectra are shown in the lower
panel of fig. 12. The spectrum calculated for the
relaxed state is comparable to the steady-state
spectrum observed at 25°C. The spectrum calcu-
lated for the unrelaxed state has an emission maxi-
mum of 450 nm, which is considerably longer than
the emission maximum of PRODAN in nonpolar
solvents [8]. Probably, this spectrum represents an
intermediate state in a complex relaxation process.
In addition, we recognize that the spectra calcu-
lated from the phase and modulation data are not
unique, since the relaxation is probably a multi-
step process and the red and blue edge phase and
modulation values do not represent a single species.
Under these conditions, a unique decomposition
of spectra is not expected [19]. Nonetheless, these
results demonstrate the feasibility of calculating
such spectra from wavelength-dependent phase and
modulation data. More detailed analysis of similar
data from biopolymer-bound fluorophores should
reveal information about relaxation processes in
proteins and membranes.

An interesting property of PRODAN is its two
well defined sites of interactions with the solvent
[9]. As a result, we expect solvent relaxation to
require at least two steps. In the previous theoret-
ical paper we demonstrated that a multistep re-
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Fig. 13. Measurement of m /cos ¢ for PRODAN and TNS in
viscous solvents. Excitation of PRODAN and TNS was at 340
nm. The concentrations were 2% 10~ and 5X 105 M. respec-
tively. The emissivn band pass was 8 nm.

laxation process could be proven by m /cos ¢ mea-
surements relative to the blue edge of the emission,
(m/cosd)ge. If only a single step occurs then
(m/cos )= 1. However, if there are two or
more steps in the relaxation process then
(m/cos ) gy can be greater than unity. Measured
values of (71/cos ¢)gg are shown in fig. 13. Clearly,
these values are in excess of unity for wavelengths
greater than 475 nm, irrespective of whether the
measurements are performed relative to the PRO-
DAN emission at 400 nm or relative to the ex-
citing light. These data prove that spectral relaxa-
tion of PRODAN requires more than a single step.

Contrasting data were obtained for TNS in
propylene glycol at —25°C. When measured rela-
tive to the exciting light m/cos ¢ is well in excess
of unity, proving the existence of an excited-state
process. However, when measured relative to its
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Fig. 14. Resolution of the initially excited and relaxed states of
N-acetyl-L-tryptophanamide by phase-sensitive detection of
fluorescence. Excitation was through a 280 nm interference
filter with 10 nm band pass. Emission was observed through a
monochromator with a band pass of 8 nm. The concentration
of NATA was 5 X107 ° M. For the specira shown polarizers
were not used. Measurements with polarizers set at the magic
angle [22] gave equivalent results with a decreased signal-to-
noise ratic.

own emission at 400 nm, (772/c0S ¢) g, is less than
unity at all emission wavelengths. This result is
somewhat surprising, since it seems unlikely that
relaxation around TNS is a one-step process. We
attribute the disparate results for PRODAN and
TNS to be a result of larger spectral overlap of the
emission from the states for TNS than for PRO-
DAN. Model calculations can easily simulate pat-
terns of (m/cos ¢)gy observed for both TNS and
PRODAN.
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4.11. Solvent relaxation around a tryptophan deriva-
tive detected by phase-sensitive detection of fluores-
cence

As a final illustration of the potential of phase-
fluorometric methods we used phase-sensitive de-
tection of fluorescence to resolve the apparent
relaxed and unrelaxed emission of NATA in pro-
pylene glycol. At low temperature (—60°C) a
blue-shifted emission is observed with maximum
at 329 nm (fig. 14). As the temperature is in-
creased the emission maximum shifted to 350 nm
at 10°C. At —20°C an intermediate spectrum is
observed. Previously, we demonstrated that under
these conditions the spectral relaxation time was
comparable to the fluorescence lifetime [5,24]. By
comparison of these steady-state spectra one can
observe that the emission at 310 nm is predomi-
nantly a resuit of the unrelaxed emission, and at
410 nm the emission is predominantly from the
relaxed state. We used phase-sensitive detection of
fluorescence [15,21] to suppress the emission at
these wavelengths, and thus, record only the emis-
sion from the other state. At —60°C suppression
at 310 nm results in total disappearance of the
entire spectrum. At —60°C the emission from the
relaxed state is small and is not detected with our
current instrumentation. Similarly, at 40°C sup-
pression at 410 nm also suppresses the entire
emission, since the emission is dominated by the
relaxed state. Substantially different results were
obtaincd at —10°C. At this temperature suppres-
sion at 310 nm resulted in a phase-sensitive spec-
trum with an emission maximum of 352 nm. Sup-
pression at 410 nm resulted in a phase-sensitive
spectrum with an emission maximum of 327 nm.
These phase-sensitive spectra are comparable to
the relaxed (10°C) and uarelaxed (—€0°C) spec-
tra. We recognize that the resolution achieved in
fig. 14 is not unique, but rather depends upon the
wavelengths chosen for suppression. Nonetheless,
the high precision of these results indicates that
this technique will be useful in studies of dipolar
relaxation in proteins which contain a single tryp-
tophan residue.
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5. Discussion

In the preceding sections we described the re-
sults of phase-modulation studies of several ex-
cited-state processes. These excited-state processes
are comparable to those frequently encountered in
fluorescence spectroscopic studies of macromole-
cules. For example, the protonation of acridine
and exciplex formation by anthracene were seen to
be two-state reactions, in which the lifetime of the
F and R states were independent of wavelength. A
similar situation is likely to be found for excimer
formation in membranes [25], for excited-state
ionization of protein-bound probes [26], for energy
transfer [27] and for excited-state molecular re-
arrangements [28]. In addition, the simple two-state
model may be adequate to analyze data resulting
from fluorophores which undergo specific interac-
tions with the solvent, such as exciplex formation
by indole in nonpolar solvents [29] and hydrogen
bond formation by 2-anilinonaphthalene [30]. Of
course, depending upon the sensitivity of the fluor-
phore to its environment, and the dynamic proper-
ties of this environment, the lifetimes of the indi-
vidual states may not be strictly independent of
wavelength. Nonetheless, the model studies of
acridine and anthracene serve to illustrate the
expected phase-modulation data when similar re-
actions occur with fluorophores bound to macro-
molecules.

The emission spectra of fluorophores such as
the naphthylaminesulfonic acids and PRODAN
are known to be sensitive to solvent polarity. In
addition, these spectra are sensitive to the solvent
viscosity as a result of solvent reorientation around
the dipole moment of the excited state [31]. Solvent
reorientation results in time-dependent spectral
shifts. Such shifts have been observed for protein-
and membrane-bound fluorophores [5,6,17,18,24],
and these data can be used to estimate the dy-
namics of the probe-binding site on the mac-
romolecule. The data presented for TNS and
PRODAN in viscous solvents illustrate the ex-
pected phase-modulation data for these and simi-
lar fluorophores when bound to macromolecules.

And finally, we examined a tryptophan deriva-
tive, NATA, i1n viscous solvents. Of course these
data model the phase-modulation data expected

for trypiophan residues in proteins. In this ins-
tance we used phase-sensitive detection of fluores-
cence to resolve the initially excited and _solvent
relaxed states of NATA in propylene glycol. Spec-
tral overlap of these states prevents an unambigu-
ous spectral resolution. Nonetheless, these data
1llustrate the potential of phase-sensitive fluores-
cence methods for the relaxation processes even 1n
this experimentally difficult instance.

In conclusion, the examples presented in this
paper illustrate the potential of phase-modulation
methods for studies of excited-state processes in
macromolecules. Currently, most phase fluorome-
ters are designed to measure phase angles and
demodulation factors at a single wavelength. As a
result it 1s somewhat tedious to obtain the wave-
length-dependent data required for the analysis of
excited-state processes. Relatively minor modifica-
tion of the instrumentation will allow such data to
be collected, stored and manipulated. Combina-
tion of these capabilities, with an ability to vary
the modulation frequency, is likely to result in a
greatly expanded usefulness of phase-fluorometric
methods in studies of the dynamic properties of
biopolymers.
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