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Generalized two-dimensional (2D) correlation spectroscopy was applied to the analysis of fluorescence spectra
of anthracene phenanthrene (ANPH) and anthracergyrene (AN-PY) mixtures in cyclohexane solutions.

These aromatic hydrocarbons are commonly used fluorescence probes. They have fine-structured and well-
characterized spectra suitable for investigating basic features of the 2D fluorescence correlation spectroscopy.
The AN—PH pair was examined as an example in which the component spectra are not heavily overlapped,
while the AN—-PY pair is an example in which the component spectra are heavily overlapped. We used two
types of perturbation to induce the intensity variations of fluorescence spectra: one is concentration change,
and the other is excitation-wavelength change. Both perturbations gave a series of systematically varying
spectra, which led to the development of clear synchronous and asynchronous maps. By using the 2D correlation
maps thus obtained, the vibronic bands in the complicated fluorescence spectra of the mixture of the probes
were successfully analyzed. This study demonstrates the usefulness and potentiality of the 2D correlation
technique in the field of fluorescence spectroscopy.

1. Introduction In his first paper on the generalized 2D correlation spectros-
copy, Noda suggested the extension of this technique to other
spectral regions and spectral modes such as-uy, X-ray,

and Ramar.It has already been extended to near-infrared (NIR)

transform (FT) method used extensively in NMR. He employed and Ramgn spectroscp Py andzzhas been shown to be of great
a simple cross-correlation analysis to construct a pair of 2D IR use also in these appllcanoﬁ's.. N )
correlation spectra. The principle of this method is to perturb a  Fluorescence spectroscopy is a sensitive and selective tool
system by an external stimulation such as electric field or t0 probe various systems such as solutions, colloids, organic
mechanical tension, followed by calculation of the correlation @nd inorganic solids, and polyméfs? Despite the usefulness,
between the responses of bands arising from the dynamicthe analysis of fluorescence spectra is sometimes difficult,
reorganization of constituents of the system. This technique wasespecially if they are complicated by a heavy overlap of the
shown to be useful for revealing spectral features which cannot contributions from constituents of the system. To overcome this
readily be seen in the original spect@ln the earlier stage of ~ problem, several analysis techniques have been employed. Such
the development of 2D IR correlation spectroscopy, however, techniques include factor analy$fs?® excitation-emission
the perturbation was restricted to a stimulation which changes matrix type two-dimensional fluorescence analygi®, and
sinusoidally with a small amplitude. Because of this restriction, extended cross correlation (XCC) analy®is®® These tech-
the 2D IR correlation spectroscopy was applied to a limited niques have been shown to be useful for analyzing complicated
number of systems. systems containing two or more components. However, an
A more generally applicable 2D correlation spectroscopy was additional novel analysis technique, which is based on a very
developed by the same author in 1996 this method the different principle, will also be useful. Therefore, we extend
perturbation does not need to have a sinusoidal form, but canthe 2D correlation method proposed by Nbda the field of
have an arbitrary and complex form. Moreover, a variety of fluorescence spectroscopy. One of the major advantages of the
stimulation, other than electric or mechanic stress, can be generalized 2D correlation method, compared to the previous
employed for inducing spectral intensity fluctuations. Such methods, is that asynchronous correlation maps can give
stimulation includes the variations of pressure, temperature, andinformation about the order of physical and chemical changes
chemical compositions. Owing to these advantages, the applica-such as conformational changes of polymers and formation (or
tions of generalized 2D IR correlation spectroscopy are rapidly cleavage) of hydrogen bonds (see the literdfaté for details).

A concept of the two-dimensional (2D) correlation method
was proposed by Noda in the field of infrared (IR) spectroscopy
in 19861 which is different from the double time-domain Fourier

increasing 1 This advantage has never been seen in the previous analysis
methods, because they were developed mainly from the
* To whom correspondence should be sent. standpoint of analytical chemistry (i.e., that of component

*Saga University. . : X
x@%?,se?_'éifm University. analysis). In fact, the 2D correlation method will be of great

8 The Procter and Gamble Co. use in investigations in physical chemistry, as well.
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It should be emphasized here that the present 2D fluorescence/ey) is the fluorescence quantum yield. Equation 1 clearly shows
correlation spectroscopy is based on completely different that the fluorescence intensity is dependent on excitation
principle from that of conventiona@xcitation—emission matrix wavelength ey, and concentration of the fluorophot@, This
type 2D fluorescence spectroscoidy® Whereas the former s the basis for the excitation perturbation and the concentration
shows the true correlation of the behaviors of fluorescence perturbation. If we observe the fluorescence intensity at a fixed
bands, the latter simply illustrates excitation and emission spectralex by varying4;, we obtain afluorescencespectrum. On the
simultaneously in two dimensions to show the dependence of other hand, if we observe the fluorescence intensity at a fixed
fluorescence spectra on the excitation wavelength. The differ- s by varying ey, we obtain arexcitationspectrum.
ence is clearly shown in the next section. The XCC technique In the excitation perturbation method, we observe fluores-
proposed by Field's grody 22 is also different from ours,  cence spectra of a sample (with fixed concentration) at a series
although their method is based on correlation analysis. The XCC of excitation wavelengthdexm (M= 1 — N). The fluorescence
is a pattern recognition technique, and is similar to those basedspectra thus obtained are expresset(dsiexm). The synchro-
on principal component analysis. The correlation loci are plotted nous and asynchronous 2D fluorescence correlation intensities,
on a intensity-intensity plane. ®(Ar1,hr2) and W (A1, Ar2), become

The first application of 2D correlation method to fluorescence
spectroscopy was reported by Roselli et al. to investigate metal-d(4;,,4.,) + iW (g ,Ap) =
binding sites of protein¥! They analyzed the fluorescence from 1 e
Yb3*+ at two different binding sites of transferrin. The perturba- [7(Aexn — Aex )] ﬂ) Yy(w)Yo*(w)dw (2)
tion method used by Roselli et al. was to change excitation
wavelength. There are several techniques other than excitationwhere Yi(w) is the excitation-wavelength-domain Fourier
wavelength change that cause the change of fluorescencearansform ofii(Ai1,dex) andY.*(w) is the conjugate of the Fourier
intensity. It should greatly increase the usefulness and potential-transform ofl¢(A2,Aex). It is obvious from this formulation that
ity of 2D fluorescence correlation spectroscopy if we establish the present 2D fluorescence correlation maps are completely
the applicability of such perturbation methods. In particular, the different from conventional excitatioremission matrix type 2D
quenching technique and sensitization technique, which arefluorescence spectra, in which the fluorescence intensity,
exclusive to fluorescence spectroscopy, seem to be promisingl(is,Aey), is simply illustrated as a function d§ andAex
methods.

In a series of studies, we plan to try several approaches to3. Experimental Section
2D fluorescence correlation spectroscopy. In this first paper,
we report the analysis of anthracerghenanthrene and an-
thracene-pyrene mixtures in cyclohexane solutions by employ-
ing two perturbation methods: concentration change and
excitation-wavelength change. In contrast to®Yemployed
by Roselli et al., anthracene (AN), phenanthrene (PH), and

pyrene (PY) are much more commonly used probes which havewith cyclohexane. Portions of the stock solutions were trans-

%Z}Set]{ggur&isaenir;vrﬁ!}?Chat:agtinggorl:lsuosrgztrfnt(:)e bsepeét;?éferred into 10-mL volumetric flasks to give appropriate molar
’ y ratios of the fluorophores.

appropriate for investigating basic features of 2D fluorescence Fluorescence and excitation spectra were recorded on a

correlation spectroscopy. Hitachi F-4000 spectrofluorometer. The fluorescence spectra
were calibrated by the use of a standard tungsten lamp with a
known color temperature. The excitation spectra were corrected
The mathematical background for generalized 2D correlation by a conventional rhodamine B method.
spectroscopy has been given in the literatukere we focus The 2D correlation maps were generated with a software “2D
on the description concerning its application to fluorescence Pocha” which was programmed at Kwansei-Gakuin University.
spectroscopy. To obtain correlation maps, we have to apply
some perturbation to the system, which causes intensity varia-4. Results and Discussion
tions in fluorescence spectra. In the present treatments we
employ two types of perturbations. One is to alter the concentra-
tions of the components: we refer to this esncentration
perturbation This approach has already been employed for our
earlier studies on polymer blends by Raman, NIR, or IR
correlation spectroscop:2235The other is to vary an excitation

PH and PY were purified by vacuum sublimation. AN (Tokyo
Kasei Kogyo Co., Ltd.) was a zone-refined sample, and thus
used without further purification. Cyclohexane (Dojin Kagaku
Co., Ltd.) is a solvent for fluorescence spectroscopy, and was
used as received.

The stock solution (1@M) of each fluorophore was prepared

2. Theoretical Background

4.1. Anthracene-Phenanthrene Mixture. We employed the
AN—PH pair as a model case where the fluorescence spectra
are not heavily overlapped, so that the band assignment is
relatively easy even by a conventional one-dimensional method.
Figure 1 shows fluorescence spectra of AN and PH observed
. e . individually in cyclohexane solutions. It is well known that both
wavelength: we refe_r tq this &5(C|tat|pn p_erturbano_n AN and PH have fine-structured vibronic bands. For the

Because the excitation perturbatlc_m is_exclusive to 2D_ convenience of the following discussion, the bands are denoted
fluorescence correlation spectroscopy, it seems necessary to give,; (i = 1-5) for PH and A (i = 1—4) for AN. As seen in
a detailed explanation. Fluorescence intensjfis.lexC), of a Figure 1, the bands H1, H2, H3, A3, and A4 are not significantly
fluorophore in a dilute solution is generally expressed by arjapped with any other bands. The locations of the bands

are summarized in Table 1.
(21 26xC) = leddey) €(Re) C d(Aey) 1) Figure 2 represents fluorescence spectra of the mixtures of
AN and PH in cyclohexane solutions with varying molar
where lex and A; are the wavelengths of excitation light and concentrations of the probes. The band intensities of AN and
fluorescence emission, respectivelyley) is the intensity of PH are changed along with changes in their concentration. Using
excitation light, e(lex) is the extinction coefficient of the  these spectra, we calculated synchronous and asynchronous
fluorophore,C is the concentration of the fluorophore, agd maps for the system (Figure 3).
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Figure 2. Fluorescence spectra of the mixtures of AN and PH with
varying concentrations in cyclohexane solutions. The samples are

; o A xcited at 262 nm. Excitation and emission band-passes are 5 and 3
are excited at 262 nm. Excitation and emission band-passes are 5 anq,,, respectively. The symbols Akh (m, n = 1—9) denote that the
3 nm, respectively. The excitation wavelength, 262 nm, is selected in con'centrations c;f AN and PH an@ ar;d n uM, respectively. For
order that the fluorescence of both probes may become comparable i”example the symbol AH19 means that the sémple contains AN and
intensity. PH at the concentrations of 1 andu®, respectively. The top and

. - . - bottom spectra indicated by PH and AN, respectively, correspond to

TABLE 1: Locations and Notations of the Prominent : ;
Vibronic Bands in the Fluorescence Spectra of AN, PH, and the samples which contain only PH or AN at the level of,da.
PY

Figure 1. Fluorescence spectra of AN-f and PH :-) in cyclohexane
solutions. Concentrations: [AN} 10uM, [PH] = 10uM. The samples

concentration. There seem to be no specific interactions between

compound location (nm) notation the two probes and between the probe and solvent, because the
AN 376 Al concentrations of the probes are low, and the probes and solvent
222 ﬁg are nonpolar. These may be the reasons thg fluorgsgence _pands
448 Ad of the same probe change synchronously in their intensities,
PH 346 H1 resulting in the absence of asynchronous cross-peaks between
356 H2 the bands Hand H, and between the bands and A.
ggg Ei It will be of value to note general features of fluorescence
206 H5 spectra. Fluorescence spectra usually consigirofiressions
PY 365 Y0 of bands. The progression is defined as a series of vibronic bands
372 Y1 which originate fromy" — o' vibrational transitions = 0
378 Y2 according to Kasha's rul,and»” =0, 1, 2, 3, ...) associated
383 Y3 with an electronic transition from the first excited singlet)(S
ggg ié' to the ground (§ states. Here, the symbadé and '’ denote

vibrational quantum numbers of some active mode sirasd

First, we discuss the synchronous correlation map (Figure So states, respectively. Because the bands in one progression
3a). By referring to Figure 1, the peak at 347 nm (H1) can be belong to one vibrational mode, they seem to be affected to the
safely assignable to PH. The peaks at 356 nm (H2), 363 nmsame extent by intermolecular interactions including setute
(H3), and 385 nm (H4) have positive correlation with H1, and solute interaction. Accordingly, it is probable that the members
thus are assigned to PH. On the other hand, the peaks at 377n the same progression change synchronously in their intensities
nm (A1), 398 nm (A2), 422 nm (A3), and 448 nm (A4) have when the composition of a solution is altered. This feature is in
negative correlation with H1, and are assigned to AN. Also, contrast to that of IR spectra. IR spectra consist of fundamental
there is positive correlation between the peakshtd H, and and combination bands of various vibrational modes which have
between the peaksiAand A, while there is negative correlation  different sensitivity to intermolecular interactions. Therefore,
between the peaksitdnd 4. These results are self-consistent, it sometimes occurs that each of the IR bands responds to a
and support the above peak assignments. different extent to the intermolecular interactions such as

Next, we examine the asynchronous spectrum (Figure 3b). hydrogen bonding.
It is expected that asynchronous cross-peaks do not appear In the present system, there should also be no cross-peaks
between the bands of the same probe because the intensities dietween the bandsikand A, if the signal intensities of PH
these bands seem to change synchronously. This is confirmedand AN change linearly (and thus synchronously) with con-
by the fact that there are no asynchronous cross-peaks betweenentrations as indicated by eqs 1 and 2. Therefore, it is quite
the bands Hand H, and between the bands and A in Figure surprising that there are clear cross-peaks between the bands
3b. The intensity variation of the fluorescence bands in the Hi and A in Figure 3b. There seem to be four possibilities for
present system is simply brought about by a change in the cause of the presence of cross-peaks between the bands H
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Figure 3. Synchronous (a) and asynchronous (b) 2D fluorescence
correlation spectra of the mixtures of AN and PH in cyclohexane
solutions, constructed from the spectra of Figure 2.

and A (i.e., the cause of nonlinear intensity change of these 203 295 297 299 301 303 305
fluorescence bands): (1) reabsorption of fluorescence, (2)
norradiative energy transfer from PH to AN, (3) radiative energy Wavelength / nm

transfer f'fom PH to AN, and (4) inner filter effe€t.n the Figure 4. (a) Excitation spectra of AN=) and PH (--) in cyclohexane
reabsorption process, only the fluorescence bands at shortekolutions. (b) Expanded trace of Figure 4a. Concentrations: [AN]
wavelength (e.g. the bands Al for AN and H1 for PH) are 10uM, [PH] = 10 uM. The fluorescence is monitored at 398 nm for
affected because these bands are overlapped with;the & AN and 363 nm for PH. Excitation and emission band-passes are 1.5
absorption bands. As seen from Figure 3b, not only the A1 and @nd 5 nm, respectively.

H1 bands but also the other bands of AN and PH contribute to

the appearance of asynchronous cross-peaks. Therefore, thbreakdown of the linear relationship given by eq 1. Another
possibility of reabsorption can be safely ruled out. In nonra- cause may be an inner filter effect. The samples were excited
diative energy transfer, the fluorescence of donor (PH) is at 262 nm, where both AN and PH have significant absorption
quenched in concommitance with the enhancement of the of light. Therefore, PH acts as an optical filter for excitation of
fluorescence of acceptor (AN). It turned out that the fluorescence AN, and vice versa. As PH concentration was decreased with
of PH is not quenched, nor is the fluorescence of AN enhancedincrease in AN concentration (Figure 2), the AN fluorescence
in the mixed solutions. Thus, we exclude the possibility of the intensity was increased more rapidly than the increase in its
nonradiative energy transfer. Radiative energy transfer is anconcentration. This is also true for the change in the fluorescence
event in which the emitted fluorescence of the donor is absorbedintensity of PH. Consequently, a linear relationship between the
by the acceptor. The overlap between the fluorescence spectruniluorescence intensities of the probes and their concentrations
of the donor and the absorption spectrum of the acceptor iscan be broken down. At present, it is unclear which of the two
important in this process, and the overlapped part of the mechanisms, radiative energy transfer and inner filter effect,
fluorescence spectrum of the donor is reduced in intensity. This dominantly operates for the appearance of asynchronous cross-
is in contrast to the feature of nonradiative energy transfer in peaks. However, it is clear that we should be careful about these
which all spectral regions of the donor fluorescence are reducedeffects when we interpret asynchronous maps in 2D fluorescence
in intensity. By referring to the absorption spectrum of AN, we correlation analysis.

realize that almost all parts of the PH fluorescence are Figure 4arepresents excitation spectra of AN and PH obtained
overlapped with the strong 1S— S absorption of AN. for respective solutions. The spectra were observed by monitor-
Accordingly, the radiative energy transfer can cause the ap-ing fluorescence intensities at fixed wavelengths (398 nm for
pearance of asynchronous cross-peaks; i.e., can cause thA&N and 363 nm for PH) while varying excitation wavelength
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Figure 5. Fluorescence spectra of the mixtures of AN and PH excited . G0 Sgmasy &
at a series of wavelengths in a cyclohexane solution. Concentrations: ) <«—398nm (A2) S
[AN] = 5uM, [PH] = 5 uM. Excitation and emission band-passes are 0 %D
1.5 and 5 nm, respectively. Excitation wavelengths= 293 nm;A. <+ 422nm (A3) el
= 295 nm; A3 = 297 nm;A4 = 299 nm;4s = 301 nm; s = 303 nm; —Msom (Ad) B
A7 = 305 nm. 460
from 250 to 330 nm. The excitation spectra of both AN and 500

PH, respectively, almost coincide with their absorption spectra.
Figure 4b is an expansion of the 29206 nm region of Figure
4a. Note that the intensity of AN fluorescence is increased with
change of excitation wavelength from 293 ni)(to 305 nm Figure 6 Synchronous (a) _and asynchronous (b)_ 2D fluorescence
(A7), whereas the intensity of PH fluorescence is decreased.Colr're.lat'on spectra ch)ffthe ”;]'Xt“res of AfN and PH in a cyclohexane
Thus, we can bring about an intensity change in the fluorescence™" ution, constructed from the spectra of Figure 5.
of AN and PH by varying excitation wavelengtlexgitation
perturbatior). In Figure 5, we show a series of the fluorescence
spectra of a 1:1 mixture of AN and PH BV for each) in a

cyclohexane solution, which were obtained by varying the . .
excitation wavelength. The symbals (i = 1~7) in Figure 5 examined as a case where the fluorescence spectra are heavily

indicate the excitation wavelengths, and correspond to those inoverlapped, so that the band analysis is much more difficult by

. ._a conventional one-dimensional method. Figure 7 represents
Figure 4b. The band at the shortest wavelength, denoted R, iS{orescence spectra of AN and PY observed separately in

a Raman band of the solvent. As we expected, the spectra loh Iuti o
; - . . tions. The band denotedi A= 1-4
obtained by exciting the sample with and, are dominated cyclonexane soutions e bands are denoted; )

. Lo for AN and Yi (i = 0—5) for PY. As seen in Figure 7, the
by PH fluorescence. By varying exqtatmn light frots to A7, fluorescence spectra of AN and PY are heavily overlapped; only
the spectra become gradually dominated by AN fluorescence.the band YO of PY is not overlapped with the bands of AN.

Using a series of the fluorescence spectra in Figure 5, We The hand YO is a hot band which originates from a vibrationally
calculated synchronous and asynchronous maps (Figure 6). Inexcited statef = 1) of the first excited singlet state {Sof
Figure 6a, the peaks at 347 nm (H1), 354 nm (H2), and 363 py. The locations of the PY bands are listed in Table 1.
nm (H3) are assigned to PH because it is clear from Figure 1 | Figure 8 we show fluorescence spectra of the mixtures of
that there are no bands of AN in this region. The peak at 383 AN and PY in cyclohexane solutions. It is noted that the spectra
nm (H4) has positive correlation with H1, and thus is assigned for the samples with nearly equimolar concentrations of AN
to PH. On the other hand, the peak at 422 nm (A3) has negativeand PY (j.e., AY46, AY55, and AY64) are extremely tangled
correlation with H1 and H3, and is aSSigned to AN. Note that by heavy Overlap of the Component Spectra' To analyze the
the other bands of AN (i.e., A1, A2, and A4) are not generated tangled spectra, we generated synchronous and asynchronous
in Figure 6b. The absence of these AN bands seems to bemaps for the system using all spectra in Figure 8. The results
ascribed to the fact that the intensity of AN fluorescence is not gre depicted in Figure 9.
much changed by varying excitation wavelength inthe- 17 In the synchronous correlation map (Figure 9a), the band at
region (see Figure 4b). 365 nm (Y0) can be safely assigned to PY, because this band

In the asynchronous correlation map (Figure 6b), there are is clearly separated from others as seen from Figure 7. The band
cross-peaks betweeni And H. The appearance of the cross- at 372 nm (Y1) is assigned to PY because this band has positive
peaks is attributed to the fact that the fluorescence intensitiescorrelation with YO. These two bands are used as clues for
of AN and PH do not simultaneously change with each other, further assignment. The peaks at 383 nm (Y3), 388 nm (Y4),
as seen in Figure 4b. The asynchronous correlation map is alsi392 nm (Y5), and 412 nm have positive correlation with Y1,

500 460 420 380 340
Wavelength (nm), 1,

useful for assigning the bands in a manner similar to the case
of Figure 3b.
4.2. Anthracene-Pyrene Mixture. The AN—PY pair was
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Figure 7. Fluorescence spectra of AN-f and PY ¢--) in cyclohexane
solutions. Concentrations: [AN} 10uM, [PY] = 10uM. The samples

are excited at 321 nm. Excitation and emission band-passes are 10 and
1.5 nm, respectively. The excitation wavelength, 321 nm, is selected
in order that the fluorescence of both probes may become comparable
in intensity.
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Figure 9. Synchronous (a) and asynchronous (b) 2D fluorescence

PY correlation spectra of the mixtures of AN and PY in cyclohexane
AY19 solutions, constructed from the spectra of Figure 8.
AY28

negative correlation with Y1, and thus are assigned to AN.
Furthermore, if we take an overview of the synchronous
correlation map, there is positive correlation between the peaks
Yi and Yj, and between the peaks And A, while there is

A negative correlation between the peaksaMd A. These results
AY73 are self-consistent.

There are cross-peaks between the AN and PY bands in the
asynchronous correlation map (Figure 9b), whereas no cross-
peaks appear between the bands of the same probe. This feature
gives additional support for the band assignment based on the
synchronous correlation map. The presence of the asynchronous

Fluorescence intensity

500 450 400 350 cross-peaks between the AN and PY bands can be discussed in
a similar way to that in the ANPH case.
Wavelength / nm Figure 10a shows excitation spectra of AN and PY obtained

Figure 8. Fluorescence spectra of the mixtures of AN and PY with for individual solutions. The spectrum of AN was observed
varying concentrations in cyclohexane solutions. The samples are under the same conditions as in Figure 4. The spectrum of PY
excited at 321 nm. Excitation and emission band-passes are 10 andyas obtained by monitoring fluorescence intensity at 382 nm.
1.5 nm, respectively. The symbols M (m, n = 1-9) denote that  The excitation spectra of both AN and PY are almost identical
the concentrations of AN and PY areandn uM, respectively. The ., yhair respective absorption spectra. The absorption of PY
top and bottom spectra indicated by PY and AN, respectively, . . . "
correspond to the samples which contain only PY or AN at the level '@nding from 300 to 340 nm is assigned to the-SS, transition
of 10 uM. and that from 250 to 280 nm is assigned to the<S S
transition. The $— S transition is located in the region from
and thus are assigned to PY. The peak at 412 nm correspondS50 to 370 nm. However, this transition is forbidden and the
to the band which appears as a shoulder of the Y5 band (Figurebands appear as a shoulder of the stropg—SS, transition.
7). Although the band at 412 nm is indistinct in the original This is the reason for the breakdown of mirror-image symmetry
spectra (Figure 8), it is clearly displayed in the 2D correlation between the absorption and fluorescence spectra of PY.
map. This is one of the examples which demonstrate the In contrast to the AN-PH system, it is difficult to find a
advantage of the 2D correlation method. The peaks at 376 nmwide spectral region for the ANPY system where the AN
(A1), 399 nm (A2), 424 nm (A3), and 451 nm (A4) have absorption monotonically increases (or decreases) while the PY
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[AN] = 10uM, [PY] = 10 uM. The fluorescence is monitored at 398
nm for AN and 382 nm for PY. Excitation and emission band-passes
are 1.5 and 5 nm, respectively. Excitation wavelengths= 272 nm; )
A2 =270 nm;A3 = 268 nm;A4 = 315 nm;As = 328 nm; 1 = 326 nm; 366nm (Y0)
Az = 343 nm. f371nm YD
) . . = PPy f377nm (Al)
absorption decreases (or increases). Therefore, we picked the S g 38m(Y3) &
o . ? 80— 387nm (Y4)
excitation wavelengthsi{ — 1-) from several discrete spectral T 30lmm (Y5) =
regions as shown in Figure 10a (cf. Figure 4b for the-ARH |~ 399nm (A2) E
system). The fluorescence intensities of AN and PY are plotted :Mmgnm )
against the excitation wavelength in Figure 10b. The intensity . A3) %
of AN fluorescence increases with the change of excitation _\ Z
. . 438nm =
wavelength fromA; to A;, whereas the intensity of PY %451 %)
fluorescence decreases. In Figure 11, we show a series of X mn
fluorescence spectra of a 1:1 mixture of AN and PY:[# for 467nm
500

each) in a cyclohexane solution, which were obtained by varying
the excitation wavelength frorhy, to 17. As expected, the top
two spectra are dominated by PY fluorescence, and the bottom Wavelength (nm), 1,
two spectra are dominated by AN fluorescence. The middle threerigure 12. Synchronous (a) and asynchronous (b) 2D fluorescence
spectra are extremely tangled by heavy overlap of the componentcorrelation spectra of the mixtures of AN and PY in a cyclohexane
spectra which have comparable intensities. solution, constructed from the spectra of Figure 11.

Using a series of the fluorescence spectra in Figure 11, we
calculated synchronous and asynchronous maps (Figure 12). Irsystem (Figure 6a), there are many auto- and cross-peaks in
contrast to the case of excitation perturbation for an-ANH the synchronous correlation map (Figure 12a). This seems to

500 460 420 380
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be because the fluorescence intensities of both AN and PY are As stated in the Introduction section, there are other ways to
considerably changed by varying the excitation wavelength from bring about intensity changes in fluorescence spectra. Quenching
A1 to A7 (see Figure 10). In Figure 12a, it is obvious that the and sensitization, for example, seem to be of great use as
peak at 365 nm (YO) arises from the hot band of PY. The band perturbation techniques. Investigations using such approaches
at 371 nm (Y1) is assigned to PY because this band has positiveare now in progress.
correlation with YO. The peaks at 384 nm (Y3) and 388 nm
(Y4) have positive correlation with Y1, and thus are assigned References and Notes
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are assigned to AN. As in the case of concentration perturbation,  (3) Noda, I.Appl. Spectrosc199Q 44, 550.
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they appear as obscure bands in the original one-dimensional (18) Wang, Y.; Murayama, K.; Myojo, Y.; Tsenkova, R.; Hayashi, N.;
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spectrum (Figure 7), .they are glearly displayed in the 2D apq highly overlapped band systems by the 2D correlation technique has
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