Simulations of Two-Dimensional Electronic Correlation Spectra Bull. Korean Chen2@dcVol. 22, No. 8 807
Simulations of Two-Dimensional Electronic Correlation Spectra
Hackjin Kim " and Seung-Joon Jeoh

Department of Chemistry, Chungnam National University, Taejon 305-764, Korea
"Department of Chemistry and Center for Electro- & Photo-Responsive Molecules, Korea University, Seoul 136-701, Korea
Received April 10, 2001

Two-dimensional (2D) correlation method, which generates the synchronous and the asynchronous 2D
spectrum by complex cross correlation of the Fourier transformed spectra, is an analysis method for the changes
of the sample spectrum induced by various perturbations. In the present work, the 2D electronic correlation
spectra have been simulated for the cases where the sample spectrum composed of two gaussian bands changes
linearly. When only the band amplitudes of the sample spectrum change, the synchronous spectrum shows
strong peaks at the band centers of the sample spectrum, but the asynchronous spectrum does not make peaks.
When the sample spectrum shifts without changing intensity and width, the synchronous spectrum shows peaks
around the initial and final positions of the band maximum and the asynchronous spectrum shows long peaks
spanning the shifting range. The band width change produces the complex 2D correlation spectra. When the
sample spectrum shifts with band broadening, the width change by 50% of full width at half maximum
(FWHM) does not give so large an effect on the correlation spectrum as the spectral shift by one half of FWHM

of the sample spectrum.

Keywords : Two-dimensional correlation, Electronic spectra.

Introduction lyzing complex spectra and understanding the effects of
various perturbations causing spectral modifications, such as
Recent studies use two-dimensional (2D) correlationtime, concentration, temperature, pressure, etc.
spectroscopy to observe the characteristics of the vibrational The 2D correlation method has been applied mostly to the
spectrum of different molecular systems. Obviously the 2Danalysis of the vibrational spectrum, and some simulation
spectrum, which plots the spectral intensity in the space oftudies of the 2D vibrational correlation spectrum are
two independent spectral variables, provides more inforreportec?’?® Studies show that the effects of random noise
mation about complex systems than a one-dimensionand baseline fluctuation can be eliminated by 2D correlation
spectrum. Researchers have studied temperature dependanalysis! The effects of changes of band position, width
liquid phase dynamiég and reaction dynamics in ligdid and amplitude on the 2D vibrational correlation spectrum
using 2D correlation spectroscopy. 2D correlation spectroare also studied by simulatiéhHowever, the changes of
scopy is useful in the study of complicated topics of polymetwibrational spectra by perturbations is not very significant.
science, such as the secondary structure of polyhtees, The vibrational band shift is 10 ¢hhmore or less and the
conformational changes of polymer blehdad the crystal- relative intensity change is only a few percent under most
lization process of polymefsPhase transition of liquid perturbations. The fundamental spectral shape of the vib-
crystalline materialsand monolayer filnfsis another complex rational band hardly changes in many cases. So relatively
example studied with the 2D correlation method. Investi-small changes of spectral parameters are investigated in the
gations on the denaturatitii and structural changés? of simulation studies of the 2D vibrational correlation spec-
proteins using 2D correlation spectroscopy are reported.  trum.
2D correlation spectroscopy is different from 2D spectro- The 2D correlation method is not limited by the spectral
scopy, which uses mutiple-pulse excitations, such as the 2Eange of the sample spectrum. Even the heterocorrelation
NMR spectroscopy. The vibrational version of 2D NMR between different spectroscopic regions is poséible,
spectroscopy is regarded as having the potential to provideowever, 2D electronic correlation spectra have not been
information about molecular geometry and vibrationalreported, to our knowledge. Since the electronic spectrum is
energy dynamic¥ and many experiments on nonlinear 2D composed of many vibrational bands, 2D electronic corre-
vibrational spectroscopy have been carried out by severddtion spectroscopy may provide much information that the
research group$:?° The vibrational analog of 2D NMR 2D vibrational correlation spectroscopy does not have. Band
spectroscopy is sometimes called nonlinear 2D vibrationaintensity, position, and width of electronic spectra are modi-
spectroscopy since the vibrational nonlinearities are involvfied by perturbations such as concentration, temperature,
ed. 2D vibrational correlation spectroscopy does not provid@ressure, solvents, etc. The solvent effect on the electronic
direct information about interactions between the vibrationakpectrum has been studied at lefyind the solvation
modes, as the nonlinear 2D vibrational spectroscopy doeslynamics, which requires ultrafast spectroscopic techniques,
However, 2D correlation spectroscopy is effective in anahas been one of the main research topics in physical
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chemistry?® Analysis of the electronic spectrum with the 2D
correlation method may give valuable information about the
details of the potential energy surface for the electronic
states. In the present work, the 2D electronic correlatiot
spectra are generated from the sample spectra, which a
composed of two gaussian bands. The linear variations ¢
positions, amplitudes, and/or widths of the gaussian banc
are studied with the 2D correlation spectrum.
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Calculation of 2D Correlation Spectra
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The mathematical background for the 2D correlation has 1éood
been described elsewhere in detsif Many properties of
the 2D correlation spectrum have also been investigated. .
brief outline of the 2D correlation method is given here. TheFigure 1. The sample spectrum before spectral change. Two
dynamic spectruny(v, 1) is obtained by subtracting the constituent bands (dashed line) are gaussian and the intensity ratio
average spectrurs(v) from each sample spectrusfy, 1), s 2

wherev is a spectral frequency.
_ _ not develop peaks even with the synchronous intensity change
y(v, 1) =s(v, ) = S(v), @ where one band grows and the other band diminishes. The
whereg(v) is equal to (1) > (g, 1), n is the total number of  sign of the asynchronous peak depends on the sign of the
spectra produced by perturbations, arnslthe index for the phase difference so that the asynchronous spectrum is anti-
spectrum, that ist changes from 1 to n. Discrete Fourier symmetric to the diagonal line. If the intensity of a specific
transform of the dynamic specti4, g) has both real and region of the sample spectrum does not change at all, no
imaginary components. peaks appear in the corresponding region of the correlation
_ _i2my(Tin spectrum.

(v, 9 =(1h) 3 y(v. D)€ =, ) The sample electronic spectrum for the simulation of the
whereg=1, 2, ...,n is a running index in the Fourier space. 2D correlation spectrum is shown in Figure 1. The spectrum
The complex cross correlation between the Fourielis composed of two gaussian bands, one band with FWHM
transformed spectra & andv. gives the synchronous and of 1200 cm' at 17240 crit and the other larger band with
asynchronous spectrud(vy,v,) andW¥(vi,vs). FWHM of 800 cm* at 18520 crtt. The intensity ratio of the

. _ . two bands is 2 before the spectral changes. This spectrum is

D(v,v2) +1W(v1,v2) = (2/mM) Y (v.g) Y(v29) ) similar to the spectrum of organic dye molecules. Eleven
The synchronous spectrum is composed of autopeaks at teample spectra corresponding $,71) of Eq. (1) were
diagonal line corresponding ta = v, and cross peaks for obtained by changing linearly band intensity, width, and/or
the bands which have the correlated dynamic relation in theenter of the two gaussian bands and processed to determine
sample spectrum. The autopeaks have only positive interthe correlation spectrum. The number of the sample spec-
sity. The asynchronous spectrum has only cross peaks &tim used in the 2D correlation does not affect the resulting
(v1,v2) where the intensities & andv, change out of phase correlation spectra to a great event as long as the overall
in the sample spectrum. The cross peaksvato] and  spectral change is equivalent. The gaussian shape of each
(v,v1) of the asynchronous spectrum have the saméand of the sample spectrum is kept during the variation of
amplitude but different sign. The synchronous spectrunthe spectral parameters but different variation of each band
generally shows much greater peak intensity than thelistorts the overall shape of the sample spectrum. The prog-
conjugate asynchronous spectrum as given in Table 1-4. ram for the 2D correlation used in this work is obtained from

If the intensities of two positions of the sample spectrumOzaki group?

increase or decrease together, the corresponding cross peak
of the synchronous spectrum has a positive sign. If the inten- Results
sity of one position of the sample spectrum increases but the
intensity of the coupled position decreases, the correspond-Figure 2 shows the synchronous spectra for the cases in
ing cross peak of the synchronous spectrum has a negativehich only the amplitudes of the two bands of the sample
sign. The cross peak appears in the asynchronous spectrgpectrum were varied. All the 2D correlation spectra of the
only when the intensity change of two positions is delayegresent work were normalized with the peak maximum
or accelerated simultaneously. The peak of the asynchronoustensity. When the amplitudes of both bands increased or
spectrum depends on the phase of the intensity change in tHecreased together, the synchronous spectrum did not have
sample spectrum. When the intensities of the sample speany negative peaks as the spectrum of Figure 2(a). When one
trum change synchronously, the asynchronous correlatioband grew and the other band was diminished, the synchron-
spectrum have no peaks. The asynchronous spectrum doegs spectrum had negative peaks as shown in the spectrum
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Figure 2. The synchronous spectra when only the amplitudes of the two bands of the sample spectrum change. The shadowed part of tf
spectrum represents the area of negative intensity and the same notation is used in all of the correlation spectra.cAitratai@D

spectra of this work are normalized with the peak maximum intensity. The peak maximum intensities are given in Tablehke2. (&) T
amplitudes of both bands decrease by 50%. (b) The amplitude of the red side band of the sample spectrum increases bsh&0% while
amplitude of the blue side band decreases by 50%. The conjugate asynchronous spectra of (a) and (b) do not have peaks.

of Figure 2(b). If only the amplitude of each band of thewhich the sample spectrum shifted and broadened simul-
sample spectrum changed, the asynchronous spectrum digheously. The band width increased by 50% but the shift
not develop peaks at all, that is, the asynchronous spectrumwas different in three cases. The peak maximum intensity of
was not generated. The peak maximum intensities of théhe correlation spectrum decreased with the lesser shift as
synchronous spectrum for several cases of the band amptiiven in Table 4. As the spectra of Figure 5 are the
tude change are given in Table 1. normalized spectrum, the spectra for the shift of 100' cm
Figure 3 shows the correlation spectra when the sampland 300 crit showed peaks which did not appear in the
spectrum shifted without changing width and amplitude ofspectrum for the shift of 500 ¢fn
each band. In case of the overall shift of the sample spec-
trum, the synchronous spectrum had the autopeaks around Discussion
the initial and final band maximum. The small autopeaks
due to the shift of the smaller red side band were not clearly Band Amplitude Change When only the band amplitudes
shown in the normalized spectrum. The band shift made thimcreased or decreased simultaneously without change in the
long peaks along the diagonal in the asynchronous spectrband width and the position in the sample spectrum, the
When the bands shift in different directions, the asynchronsynchronous spectrum had only positive peaks, as seen in
ous spectrum has some peaks in the region between the tilee Results section. Even when the amplitude change rates
bands as shown in Figures 3(f) and 3(h). The peak maximurof the two bands were different, no negative peaks were
intensities of the correlation spectrum for the different shiftgenerated in the synchronous spectrum.
cases are given in Table 2. The 2D correlation spectrum was not sensitive to changes
The 2D correlation spectra for the cases in which the banih the relatively small bands of the sample spectrum. The
width varied without band shift and band area change arpeaks due to the change of the smaller band of the sample
shown in Figure 4. The synchronous spectra had strongpectrum were not clear in the normalized correlation spec-
autopeaks around the band centers of the sample spectrutrum. As the sample spectrum had a larger band at the blue
Positive and negative peaks appeared alternatively at the offide, the synchronous spectrum had a larger peak at the blue
diagonal region of the synchronous spectrum. The asyrside. The peak intensity of the correlation spectrum is not
chronous spectra showed L-shape or complicated peaks. Aslated to the relative change of the sample spectrum. The
given in Table 3, the peak maximum intensity of the corredarger change in the absolute intensity of the sample spec-
lation spectrum is greater in case of the band narrowing thainum created the greater peaks in the correlation spectrum.
in case of the broadening. The synchronous spectrum in the case of the band amplitude
Figure 5 shows the 2D correlation spectra for the cases imcrease by 50% is almost identical with the spectrum of

Table 1 The peak maximum intensity of the synchronous spectrum when only the amplitudes of the bands change
change(%) (-10,-10) (-30,-30) (-50,-50) (50,-50) (50, 50) (50, 50)
intensity” 40 350 970 900 900 930

“The numbers in the parenthesis indicate the changing ratio of the red side band and the blue side band of the sampésspetbtaiynrThe
intensity of the same scale is used for the data of Table 1-4.
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Figure 3. The correlation spectra for the cases where the bands of the sample spectrum shift. (a) The synchronous spectrum déien two ban
shift to red by 500 ci. (b) The conjugate asynchronous spectrum of (a). (c) The synchronous spectrum when two bands shift to blue by
500 cni’. (d) The conjugate asynchronous spectrum of (c). (€) The synchronous spectrum when the bands are separating by shifting by 5(
cm? respectively. (f) The conjugate asynchronous spectrum of (€). (g) The synchronous spectrum when the bands are meigmg by shift
by 500 cm respectively. (h) The conjugate asynchronous spectrum of (g).

Figure 2(a). given bands, the Fourier transform for the asynchronous
The off-diagonal cross peaks of Figure 2(b) were negativepectrum vanishes.

because one band grew and the other band was diminishedBand Shift. The direction of the spectrum shift does not
in the sample spectrum. It can be shown with the Fouriemake significant differences in the correlation spectrum as
transform relation for the 2D correlation that the asynchronshown in Figures 3(a)-3(d). The synchronous spectra for the
ous correlation spectrum has no peaks if only the amplitudesed shift [Figure 3(a)] and the blue shift [Figure 3(c)] had the
of the constituent bands change. When the change in tteame pattern, except for the peak positions, which depend on
sample spectrum is expressed by a linear combination of thae initial and final position of the bands in the sample
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Figure 4. The correlation spectra for the cases where the band width of the sample spectrum changes without the band arealwhange. (a) T
synchronous spectrum when the width of two bands increases by 50%. (b) The conjugate asynchronous spectrum of (a). (c) Th
synchronous spectrum when the width of two bands decreases by 50%. (d) The conjugate asynchronous spectrum of (c). (e) Th
synchronous spectrum when the width of the red side band increases by 50% and the width of the blue side band decre&$&hkby 50%.

conjugate asynchronous spectrum of (e). (g) The synchronous spectrum when the width of the red side band decreasesieyw&aéh and t
of the blue side band increases by 50%. (h) The conjugate asynchronous spectrum of (g).

spectrum. The 2D correlation spectra reflect the correlatiofrigure 2(b). The peaks from the shift of the smaller band at
of the spectral intensity g andys. When a band maximum 17240 cni* of the sample spectrum are not shown in the

shifts fromy to y, the spectral intensity gt decreased and normalized correlation spectra of Figure 3.

the spectral intensity atincreased. The synchronous spec- When two bands of the sample spectrum shift in different

trum for the spectral shift shows a similar pattern as thalirections [Figures 3(e)-3(h)], the synchronous spectrum has
synchronous spectrum for the amplitude change shown ithe strongest autopeak at the overlapped region of the two
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Figure 5. The correlation spectra for the cases where the bands of the sample spectrum shift and broaden simultaneously. Ttee band ares
kept constant during the spectral change as in Figure 4. (a) The synchronous spectrum when two bands shift to red agdsbfbaaten

by 50% simultaneously. (b) The conjugate asynchronous spectrum of (a). (c) The synchronous spectrum when two bandegiBittto red

cmt and broaden by 50% simultaneously. (d) The conjugate asynchronous spectrum of (c). (e) The synchronous spectrum when two ban
shift to red by 100 cm and broaden by 50% simultaneously. () The conjugate asynchronous spectrum of (e).

bands in the sample spectrum, where the spectral intensigpectrum appears in the upper-left and lower-right region of
changed greatest. The maximum autopeak in the overlappéke correlation spectrum. The signs of these cross peaks of
region of the sample spectrum was not observed in th#éhe synchronous spectrum are related with the pattern of the
synchronous spectra of Figures 2, 3(a) and 3(c). In the casstensity change in the sample spectrum. The negative sign
of the 500 crit shift, the intensity change in the sample of the cross peak of the synchronous spectrum indicates that
spectrum was greater for the band merging than separatirte intensity of one position increases and the intensity of the
so that the peak maximum intensity was greater for the&oupled position decreases in the sample spectrum. In the
merging bands, as given in Table 2. case in which the whole spectrum shifted, the intensities of
The correlation of the red and the blue edge of the samplie red and blue edge of the sample spectrum displayed

Table 2 The peak maximum intensity of the correlation spectrum when the two bands shift
shift (cnm™)’ (100, 100) (300, 300) (500, 500) -500, 500) (5005-500) 500,-500)
intensity” (115, 3) (950, 70) (2250, 270) (3500, 330) (2400, 290) (2200, 270)

“The numbers in the parenthesis indicate the shift of the red side and the blue side band of the sample spectrum respectitahe dnd negative
values represent the red and blue shift respectivalile numbers of the parenthesis correspond to the synchronous and asynchronous spectrum
respectively.
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opposite change. The cross peak between the red and blgeeater in the case of the band narrowing than the band
edge has a negative sign. In the case in which the two bantisoadening. Therefore, the band narrowing in the sample
of the sample spectrum shifted in different directions, thespectrum made the greater peak maximum in the correlation
intensities of the edges of the sample spectrum changed spectrum, as given in Table 3. The narrowing effect of the
the same direction, that is, they increased or decreasddrger band is overwhelming in Figure 4(e). The peaks due
together. The cross peak between the edge has a positite the change in the smaller band were not clear in the
sign in the synchronous spectrum. normalized spectrum. The peak signs are inversed for the
The difference in the intensity change sequence generateadse of band narrowing and broadening.
peaks in theasynchronous spectrum. The peaks of Figureswhen one band broadens and the other band narrows, the
3(b) and 3(d) have different signs because the spectrumsynchronous spectrum show a complicated pattern as the
shifted in different directions. The long peak along thespectrum of Figures 4(f) and 4(h). While the asynchronous
diagonal of the asynchronous spectrum due to the shift ispectrum has much smaller peak intensity than the synchron-
also reported in the simulation with the vibrational corre-ous spectrum, the asynchronous spectrum is more sensitive
lation spectruni! The asynchronous spectrum in the case ofto the changes of the sample spectrum than the synchronous
the band separating shown in Figure 3(f) has the L shapspectrum. However, the small peak intensities of the asyn-
peak. The relatively long peak in the direction perpendiculachronous spectrum for the case of the band broadening, as
to the diagonal is attributed to the intensity difference of thegiven in Table 3, suggest that the band width effect might be
two bands of the sample spectrum. The correlation spectrumifficult to investigate with the 2D correlation method.
for the case of the band merging has the peaks in the smallerSimultaneous Shift and Broadening Perturbations of a
region compared with the case of the band separatingiolecular system usually cause the spectrum to shift and
because the main intensity change occurred in the smallé@roaden. The band maximum intensity decreases with bro-
region of the sample spectrum in the case of the banddening if the band area does not change. Sometimes the
merging. The asynchronous spectra of Figure 3 show mainlgand area itself varies by perturbations. The change in the
the effect of the larger band of the sample spectrum, whicBpectral intensity can be monitored easily by integrating the
can be confirmed from the distribution of the peak sign inspectrum. If the sample spectra are normalized before ana-
the asynchronous spectrum of Figure 3. Figures 3(b) anlyzing with the 2D correlation method, the effect of intensity
3(h) indicate that the larger band shifts to red, whereashange is separated and the effects of the other spectral
Figures 3(d) and 3(f) indicate that the larger band shifts tgparameters can be studied through the 2D correlation ana-
blue. When the sample spectrum shift was less than 580 cmlysis. In this work, the spectral area change of the sample
the peak intensities of the correlation spectrum were reducezbectrum is not considered, except in Figure 2.
as given in Table 2, but the patterns of the correlation spectraThe 2D correlation spectra for the case in which the
are very similar. sample spectrum shifts to red by 500°tand broadens by
Band Width Change In the case in which the two bands 50% of FWHM, are similar to the spectra for the case of the
of the sample spectrum became broader or narrower withoshift only as shown in Figures 3 and 5. The effect of the band
the band area change, the correlation spectra show similahift of 500 cni, which is close to one half of FWHM, is
patterns in the different ranges, as the spectra of Figure 4(a)-
4(d). The band narrowing (broadening) without the band
area change made the intensity at the band center increaBsble 4 The peak maximum intensity of the correlation spectrum
(decrease), and the intensity of the band edge decrea#en the shift anpl the proadening occur simultaneously. The shift
(increase). Therefore, the synchronous spectrum shows thr@8d the broadening ratio are the same for the two bands of the
autopeaks, the strongest one at the middle. When the wids, mple spectrum

of one band changed without change of its band area, theshift (cn) 100 300 500
synchronous spectrum produced three cross peaks. One wagVidth (%)

positive and the others were negative. In the case of the band 0 (0, 0) (115,3) (950, 70) (2250, 270)
narrowing, the intensity change occurred in the smaller region 10 (30,0.2) (125,4) (850,60) (2050, 230)
of the sample spectrum and the correlation spectrum pro- 30 (190,4) (265,10) (850,60) (1800, 185)
duced the peaks in the smaller region. The situation is 50 (400, 13) (500, 20) (950, 65) (1700, 170)

similar, as in case of the band merging and separating. Thenhe numbers of the parenthesis correspond to the synchronous and
absolute intensity change of the sample spectrum wassynchronous spectrum respectively.

Table 3. The peak maximum intensity of the correlation spectrum when the band width changes
change (%) (10, 10) (30, 30) (50, 50) -60, 50) (50,-50) (-50,-50)
intensity” (30, 0.2) (190, 4) (400, 13) (550, 60) (3050, 165) (2650, 135)

“The numbers in the parenthesis indicate the changing ratio of the red side and the blue side band of the sample speieteymTiesparsitive and
negative values represent the ratio of broadening and narrowing respectileynumbers of the parenthesis correspond to the synchronous and
asynchronous spectrum respectively.
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dominant in the correlation spectrum for the case that théhe excited state while the emission spectrum is related to the
shift and the broadening are mixed in the sample spectrunstructure of ground electronic state. If the 2D correlation

The shift by 100 ci, corresponding to about 10% of analysis method is applied to both the absorption and emi-
FWHM of the bands, does not have great impact on the 2B3sion spectrum of a system being perturbed by the various
correlation spectrum. The correlation spectrum for the casparameters, the detailed information about the potential
of the 100 crit* shift and 50% broadening, is similar to the energy surface of the excited and ground electronic states
correlation spectrum for the case of the 50% broadeningan be obtained. It would be interesting to investigate the
only. The relative importance of the shift and the broadeninglifference in the response of the ground and excited elec-
in the correlation spectrum seems to be determined by theonic state to perturbations. The molecular systems that give
size of the absolute intensity change of the sample spectrumvell resolved vibronic bands such as anthracene, would be a

The intensity of the blue side of the sample spectrungood model system for the 2D electronic correlation ana-
decreases at the greatest rate in the case of the red shift sifygss.
the larger band is located in the blue side. The synchronousAcknowledgment This work was financially supported
spectrum for the red shift of the sample spectrum has thby Korea Research Foundation Grant (grant No. 1999-015-
maximum intensity in the blue region. When the sampleDI0052). We thank Dr. Young Mee Jung for her helpful
spectrum becomes broader, the intensity around the barmmbmments about this work. S.-J. Jeon thanks Prof. Y. Ozaki
maximum decreases, but the intensity of the edge increasdsr providing information for this research subject.

The effects of the shift and the broadening are combined in
complicated manners as seen in Table 4. The width depen-
dence of the peak maximum intensity is not simple. The

width dependence changes with the amount of shift. More ;
extensive study is required to understand the peak intensity
of the correlation spectrum quantitatively. 2

Summary 3.

The 2D correlation method was applied to simulate the 4-
electronic correlation spectrum. The wide electronic spectrum
is affected much more by the usual perturbations than the®:
vibrational spectrum. When only the band intensity changes,
the synchronous spectrum has peaks at the band centers of
the sample spectrum, but the asynchronous spectrum has n
peaks. When a band of the sample spectrum shifts, the
synchronous spectrum has autopeaks around the initial ang,
final band center of the sample spectrum, and the asynchron-
ous spectrum has long peaks along the diagonal spanning the.
shifting range in the sample spectrum. The spectral width
change in the sample spectrum develops complex patterns &-
the 2D correlation spectra. The band narrowing of the sample
spectrum makes larger peaks in the correlation spectrur?"nl'
than the band broadening because the absolute intensi
change of the sample spectrum is greater in the case of the
band narrowing. The complicated correlation spectra attributegly
to the absolute intensity change of the sample spectrum are
produced when the sample spectrum broadens and shifig,
simultaneously.

The spectral changes of the electronic spectrum simulated
in this work may be encountered in many experiments. As
examples, the electronic spectrum of molecules changes &p-
high pressures and the spectrum of probe molecules varies
with the structural relaxation of biomolecules. One of advant+%-
ages of electronic spectroscopy over vibrational spectro1 '
scopy is that both the absorption and emission spectra can g
obtained easily. Meanwhile, the same ground and excite
state are involved in the absorption and emission; both abyrg
sorption and emission spectrum have different informationp.
The absorption spectrum provides detailed information about
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