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SUMMARY

Conformational changes of intramalecular charge-transfer species were studied by means of time
resolved fluorescence spectroscopy. From a time resolved fluorescence specirum the parameters
which describe a kinetic, compartmental, model as well as the, model dependent, fluorescence spec-
tral-shape parameters were estimated. We compared two methods for parameter estimation: nonline-
ar least squares and multiresponse. Analysis of residuals revealed shortcomings of the experimental
set-up, in particular time jitter. The concentration fluctuations induced by this time jitter could cause
failure of the usual nonlinear least squares model fit, whereas the multiresponse parameter estimation
was successful.

Different compartmental models with the same kinetic parameters result in identical residuals.
Thus a distinction can only be made on the basis of the accompanying estimated spectra. Due to the
restriction that fluorescence spectra are nonnegative, the analysis of the two-component systern 1and
system 2 (scheme I) was only satisfactory using a model in which a slower decaying component was
a reaction product of a faster decaying component. The three-component system 3 was satisfactorily
described by a model with three independently decaying components.

INTRODUCTION

Time-resolved spectroscopy is widely used in chemistry, physics and biology
to probe the kinetics of mixtures of components on a variety of timescales. In the
fields of molecular photophysics and photochemistry electronic emission and
transient absorption spectroscopy following an appropriately short pulse of ra-
diation have proven their value over more than four decades now (Norrish and
Porter 1948; Porter 1950). The problem of apparently complex kinetics due to
the contribution of different species at a single wavelength can be addressed by
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analysing time profiles measured at different wavelengths, as is often done in
fluorescence studies using Single Photon Timing (Andriessen et al. 1991; Bee-
chem et al. 1985; Cundall and Dale 1983; Lofroth 1985; Gust et al. 1991) or in
nanosecond transient absorption spectroscopy (Nagle 1991; Solar et al. 1984;
Visscher et al. 1988). Alternatively, for a wavelength range of interest spectra can
be acquired at different time instants, an approach usually adopted in picose-
cond transient absorption spectroscopy and in the subpicosecond time domain.

The multiresponse (MR) parameter estimation method assumes that indepen-
dent and identically distributed observations are made at several time instants of
multiple responses measured at different wavelengths. The noise present with the
responses may possess unknown, inconstant variance and may be correlated. In
contrast, the usual nonlinear least squares (NLLS) parameter estimation method
requires that the noise variance is constant, and that the responses are indepen-
dent. In this article we apply both the MR and the NLLS analysis techniques to
different sets of nanosecond time-resolved fluorescence data obtained using a
time-gated optical multichannel analyser (OMA).

By means of time resolved spectroscopy the kinetics of a mixture of compo-
nents whose spectra overlap can be measured indirectly by observing the total
spectrum at several time instants. The perfect, noise-free, time resolved spectrum
y is a superposition of the contributions of the #.,,, different components:

A= z"’ ") &0 Eq. 1

where ¢,{t) and & (1) denote, respectively, the concentration and spectrum of
component /.

Measurement of  poses the inverse problem: how can the spectroscopic and
kinetic properties of the components be recovered. We will determine the num-
ber of components from the data and estimate the kinetic parameters using a
compartmental model. Models with differential equations that are linear in the
concentrations (like first order chemical reactions) are termed compartmental
models (Anderson 1983; Godfrey 1983). A complication is that different com-
partmental models with the same kinetic parameters result in identical residuals.

These models differ only in their accompanying spectral parameters. Thus a
priori knowledge about the spectra is necessary to choose between different
candidate models. In the present paper we used the fact that the fluorescence
intensity cannot be negative, but one could also make use of spectral shapes
which are a priori supposed or independently measured on appropriate reference
compounds.

We have recently studied several cases where the dynamics of fluorescence
could be employed to monitor conformational changes of intramolecular char-
ge-transfer species (Brouwer et al. 1991a,b; Scherer et al. 1991; Wegewijs et al.
1987, 1990). The molecules investigated consist of a photoexcitable cyanonaph-
thalene electron acceptor, an aromatic or aliphatic amine electron donor, and a
semiflexible ring system linking the two. A characteristic feature is that even in
nonpolar alkane solvents fast long-range electron transfer is possible in the ex-
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tended ground state conformation in which the molecule exists immediately after
excitation of the acceptor chromophore. Thus, a highly polar species is created,
which can decrease its electrostatic energy by a conformational change in which
donor and acceptor are brought close together. The exciplex-like species formed
in this way emits fluorescence at a longer wavelength than the extended confor-
mer. This folding process could be observed by means of time-resolved fluores-
cence spectroscopy. In addition, time-resolved microwave conductivity measure-
ments were made which confirmed the change in dipole moment of the charge-
separated species.

In this paper we present results obtained with the novel two-component sys-
tems 1 and 2, and with the three-component system 3 (Brouwer et al. 1991a,b).
The cases of compounds 1 and 2, which feature two overlapping emission bands,
illustrate clearly how the method of data analysis is used in conjunction with the
physical requirement that the fluorescence intensity cannot be negative, in order
to distinguish between three candidate kinetic models. In the case of 3 the analy-
sis involves three components and is considerably more complicated, offering a
choice between sixteen candidate kinetic models.

cgsoOb@N

It is shown that the multiresponse analysis works in cases where the usual
nonlinear least squares analysis is not appropriate because of inconstant varian-
ce of the residuals. The results of parameter estimation consist of a kinetic model
with estimated rate constants as well as the (shapes of the) fluorescence emission
spectra of the components. The examples demonstrate the power of our analyti-
cal methods, and at the same time reveal the practical limits imposed by the time
resolution of our experimental setup.

METHODS \
Experimental

The preparation of compounds 1, 2 and 3 will be described elsewhere. For
compounds 1 and 2 n-hexane was used as the solvent, compound 3 was studied
in trans-decalin. Solvents used were commercial spectroscopic grade n-hexane
(Merck Uvasol) and trans-decalin (Merck or Fluka) which was purified by the
usual procedure for alkanes (Perrin et al. 1980). Solutions had an absorbance of
about 0.1 in 1 cm at 308 nm and were deoxygenated by purging with argon for
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at least 15 minutes. For excitation of the samples at 308 nm a Labda-Physik
EMG 101 Xe/HCl excimer laser was used which produces pulses with an essen-
tially Gaussian time profile with a width of about 7 ns and a power of 5-10
mJ/pulse. The laser was operated at a rate of 2-5 Hz. Fluorescence was detected
at a right angle (through a cut-off filter in some cases) and collected by an optical
fibre which led te a Jarrell-Ash monospec 27 model 1234 spectrograph in which
the light was dispersed by a grating (150 grooves/mm) onto an MCP intensified
diode array detector (EG&G 1421G, 25 mm, 1024 diodes). With this set-up a
spectral range of about 600 nm was covered with a bandwidth of 5 nm (25 um
entrance slit) or 7 nm (250 pm shit). The detector was gated with a width of 5 ns
by an EG&G 1302 pulse generator. The timing of the laser and Optical Multi-
channel Analyser (OMA) gate pulse was controlled by the EG&G OMA III
model 1460 console with a 1303 pulse delay generator and a digital delay genera-
tor (EG&G model 9650).

Each experiment involved recording spectra at 15-45 different time instants
with a constant time increment, or with a gradually increasing increment. At
each time point spectra from 4-10 shots were averaged. In order to allow the
experiment to be extended over a sufficiently large number of laser shots, with-
out degradation of the sample, the laser pulse power was attenuated to less than
1 mI/pulse by means of neutral density filters. This was necessary in particular
in the case of compound 3. The spectral intensities were not corrected for the
wavelength dependent response of the detection system.

Steady state fluorescence spectra were recorded on a Spex Fluorolog II emis-
sion spectrometer, using an excitation wavelength of 300 nm.

Theoretical

The basic model which describes the time evolution of spectra is the follow-
: 1
ing':

"
comp

1/!.:,-/1]- = Igl Cu; Blﬂ.j + él,‘lj Eq 2

¥=CET+5Z Eq. 3

where the m x 1 matrix ¥ denotes the measured time resolved spectra, measured
at m time instants z, and » wavelengths A;. ¢y, denotes the concentration of
component / at time ¢, &y, denotes the emission of component / that occurs at
wavelength 4, and j,‘.lj denotes a Gaussian distributed stochastic disturbance
with zero mean. The ¢, and &y, are gathered in the matrices C and E, of dimen-
S101 M X Moo, ANd 1 X o, Tespectively. Matrix 5 is, like ¥, m X a.

Regarding Eq. 2 we note that the quantity which will be estimated is the
product ¢ which in itself is insufficient for the determination of the absolute

Notation convention: underlining indicates stochastic variables, uppercase represents matrices,
lowercase represents scalars or vectors, a circumflex indicates estimator.

46



at least 15 minutes. For excitation of the samples at 308 nm a Labda-Physik
EMG 101 Xe/HCI excimer laser was used which produces pulses with an essen-
tially Gaussian time profile with a width of about 7 ns and a power of 5-10
mJ/pulse. The laser was operated at a rate of 2-5 Hz. Fluorescence was detected
at a right angle (through a cut-off filter in some cases) and collected by an optical
fibre which led to a Jarrell-Ash monospec 27 model 1234 spectrograph in which
the light was dispersed by a grating (150 grooves/mm) onto an MCP intensified
diode array detector (EG&G 1421G, 25 mm, 1024 diodes). With this set-up a
spectral range of about 600 nm was covered with a bandwidth of 5 nm (25 um
entrance slit) or 7 nm (250 ym slit). The detector was gated with a width of 5 ns
by an EG&G 1302 pulse generator. The timing of the laser and Optical Multi-
channel Analyser (OMA) gate pulse was controlled by the EG&G OMA III
model 1460 console with a 1303 pulse delay generator and a digital delay genera-
tor (EG&G model 9650).

Each experiment involved recording spectra at 15-45 different time instants
with a constant time increment, or with a gradually increasing increment. At
each time point spectra from 4-10 shots were averaged. In order to allow the
experiment to be extended over a sufficiently large number of laser shots, with-
out degradation of the sample, the laser pulse power was attenuated to less than
I mJ/pulse by means of neutral density filters. This was necessary in particular
in the case of compound 3. The spectral intensities were not corrected for the
wavelength dependent response of the detection system.

Steady state fluorescence spectra were recorded on a Spex Fluorolog II emis-
sion spectrometer, using an excitation wavelength of 300 nm.

Theoretical

The basic model which describes the time evolution of spectra is the follow-
: 1
ing:

n
comp

yﬂrilj = l=zl c[ii EIZ.J' + .fn.t,‘lj Eq 2

¥=CE"+Z Eq.3

where the m X n matrix ¥ denotes the measured time resolved spectra, measured
at m time instants ¢, and n wavelengths A, c,. denotes the concentration of
component [ at time ¢, &y, denotes the emission of component / that occurs at
wavelength 4, and _f,l.,lj denotes a Gaussian distributed stochastic disturbance
with zero mean. The c,, and &y, are gathered in the matrices C and E, of dimen-
SI0M 72 X Mgy, aNd 71 X oy, Tespectively. Matrix £ is, like ¥, m x n.

Regarding Eq. 2 we note that the quantity which will be estimated is the
product ¢7 which in itself is insufficient for the determination of the absolute

Notation convention: underlining indicates stochastic variables, uppercase represents matrices,
lowercase represents scalars or vectors, a circumflex indicates estimator.
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zero except for its diagonal, which contains the singular values. With Hleomp COM-
ponents and noise-free data we have exactly n,,,, significant singular values:

=5 =L =S >3, =0,

“ncomp tcomp + 17 -

ESTIMATION OF SPECTRAL AND KINETIC PARAMETERS

Let us assume in the following that we have successfully determined Reompe
Unknown in Eq. 3 are the spectral parameters of the n x Fioomp Matrix E and the
parameters which describe the m x 7., concentration matrix C which we gather
in the parameter vector 6. Now for fixed 6 Eq. 3 represents a multivariate Gauss-
Markoff model (Koch 1988), of which the solution is given by:

E@=Cctoy Eq. 8

C" denotes the Moore-Penrose generalized inverse of C, which is of full rank.
Following Kaufman (1975) and Golub and Leveque (1979) we perform a QR
decomposition of C (8):

c©=12:© 0:ON["P]= 06RO Eq.9

where @, (6) and @, (8) are, respectively, m x Peomp A0A 7 X (111 — Ry} matrices

which together form the orthogonal matrix O(8). R(9) IEPIesents an Aeom, X Aeomp
upper triangular matrix.
Combining Eq. 8 and Eq. 9 we have:
ET@)=R"(©) 2T O¥ Eq. 10

Combining Eq. 9 and Eq. 10 we find for the residual matrix Z:
ZO=¥Y-COEG)=0-0,(6) QT6)¥=0,(6) 07 (6) ¥ Eq. 11

where 0, (8) 07 (6) is an orthogonal projection matrix. In situation i} the deter-
minant to be minimized as a function of the unknown parameters 8 is given by
(Bates and Watts 1988)

Y(6) = det (Z7(6) Z (9)) = det (¥70,(0) O (6) ¥) Eq. 12
, where 7,

since 07 (6) Q,(O)=1I,_ heom i~ neomp G€NOteS the identity matrix of di-
Mension m = f1gy,,. Thus we have eliminated the linear parameters E and have
arrived at a residual matrix Q7 (9) ¥ with m — Heomp ObSErvations of n responses.

This leaves as degrees of freedom: df = m — Heomp ~ Mpars Where n,,, = dim (8).
Thus when df = 0 or when n,,, = m — Heomp < 1 = My, (Eq. 6) the multiresponse
problem is unsolvable. Minimization of Y(#) gives us the maximum likelihood
estimate §.

When the multiresponse problem is unsolvable it may be that situation ii]
approximately applies. Anyway, we can always calculate the nonlinear least
squares estimator. In situation ii] the sum of squares to be minimized as a func-
tion of the unknown parameters 4 is given by

X(8) = trace (Z7 (6) Z(6)) = trace (¥7Q,(6) O (6) ¥) Eq. 13
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The number of observations now is (7 — #ig,mp) X n Which leaves as degrees of
freedom: df = (m = Rgymp) X 1~ 11y, Thus when this df < 0 the problem cannot
be solved.

The approximate covariance matrices of the spectral and kinetic parameters
as well as the studentized residuals were calculated according to Van Stokkum et
al. (in preparation).

Theoretically studentized residuals are distributed closely to Student’s z-distri-
bution with df degrees of freedom. To check this a y* goodness-of-fit test (Inter-
national Mathematical and Statistical Libraries, Inc., Houston TX, routine
DCHIGF) is performed.

PROJECTING THE DATA UPON THE FIRST n.,,, RIGHT SINGULAR VECTORS

When we assume that the standard deviation of the noise is small, we can
project the data ¥ upon the first 71y, right singular vectors, thus omitting the
information represented by the non-significant singular values s, with [ > g
In other words, each spectrum consisting of » wavelength points is now represen-
ted by a linear combination of the right singular vectors, with n,y, coefficients.
When the data are obtained with an OMA, as we have done here, #¢om, « 11, S0 by
this projection we can appreciably reduce the amount of data, which speeds up
the parameter estimation considerably. In the following we will disregard the

stochastic character of the first 7.y, right singular vectors W, . The projec-
tion gives us
zVV"comp = (U—S)mxﬂcomp = CETVV”comp + a_I,V“c:.amp Eq 14

Going from Eq. 3 to Eq. 14 we have reduced our multiresponse data from m x n
t0 11 X Hgopp. Instead of E we must now estimate the comp X Meomp projected spec-
tral parameters E'W,_ . The parameter estimation is completely analogous to

the unprojected case.

COMPARTMENTAL MODELS

We will consider linear compartmental models with two or three compart-
ments. From the model function CE” we know that only the shapes of the
concentration functions can be determined. To ensure the identifiability of mo-
del parameters we restrict ourselves to models where each compartment receives
only one input. This input comes either from the outside environment or from
another compartment. This excludes models with back reactions. Back reactions
are not present in the systems studied. In a linear compartmental model the
differential equation for the concentrations is:

g;c(z) = Kc(t) + j() Eq. 15
where ¢ and j are 3 x 1 vectors: ¢ = [¢, ¢, ¢5], j(7) = i(t) [1x4 x5]". i(t) is the result
of a convolution of the exciting laser pulse and the detector response. In the case

of the present experiments i(7) can be very well approximated as:
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i) = L (%)'/:e—(;—,u)?/(z ) Eq. 16
T 7

The transfer matrix X is of lower triangular form:

k& 0 0
K= [xl -k, 0 } Eq. 17

Xy X3 '_k3

We assume that all k, are different, and that ¢ (— ) = 0. The x; define the
model. x;, x, and x; determine the interconversions between components, and
together with x, and x; they determine whether components 2 and 3 are formed
by excitation or by a reaction. With the restriction of only one input per com-
partment we can distinguish four cases:

Lx=x=x=0 x,=x=1
L xy=x=x=0 x;=x;=1
I xy=x,=x5=0 x;=x,=1 Eq. I8
IVi ,=x4=x5=0 x;=x;,=1

In words: Model I represents three independent decays (abbreviated 1] 2| 3). In
Model II component 2 is a reaction product of component 1 (12| 3). In Model
I both component 2 and 3 are reaction products of component 1 (2 <1 3).
Finally, Model IV represents a chain where component 3 is a reaction product of
component 2 which on its turn is a reaction product of component 1 (1 — 2 - 3).
Note that the values of the x; cannot be estimated, because we can only estimate
the shapes of the ¢;(¢).

The solution of Eq. 15 is given by c(f) = e*' @ j(¢) where @ indicates convolu-
tion. For Model I we find Je?

I
+ —_—
ity ke 1, T) = ke (‘ T ) {1 +erf

(t———" ( +k’fz))} Eq. 19

21/2,[
The concentration matrix C has elements [C Aoy = €} (1, ks 42, 7). The solutions

to Model [I-1V are linear combinations of the ¢} and thus transformations of Cr.
Writing C; = C,A,; and so on we find:

1 —(k,~ks)™' 0 I 1 0

A,,=[ 0 (ky~ky)™ o] Ay =[ 0 (k,~k,) OJ Eq. 20
0 0 1 0 0 1
1= (ky=ky)™ ~(ky =)™ ! 1 !

Ay :{ 0 (ky—ky)™ 0 ] Al =[ 0 (k—ky) O J Eq. 21
0 0 (ki—ky)™! 0 0 (kiky)

1 _(kl—kz)-l (kl_kz)_] (/‘71_153)-I 1 1 1
Ay :[ 0 (‘kf"kz)wl ~(ky=ky)™! (k?__k3)_I } A;l]/ = [O (k\=ky)  (ky—ks) J
0 0 (kl_ks.)_l (kz_k3)—l 0 0 (ky=le3)(key—ks)
Eq. 22
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Because we are dealing with a model function CE” the models I-IV will pro-
duce exactly the same residual matrix Z. For instance:

ENO)=Ct 0¥ =(C(O)A))' ¥ = 4;/C, (O)¥ = AF'E]  Eq.23
ZO) =¥ - CrO)EL®) =¥~ Ci(®) AyATET 0) =¥ - C/(®)ET () Eq.24

Thus the minimum of the criterion Y (8) (Eq. 12, Eq. 13) is independent of the
chosen model as are the estimated parameters 8 = [k, k, ky it 7]”. From Eq. 23 we
conclude that the difference between the models lies in their spectral parameters.
A priori knowledge about E (for instance non-negativity of the &,(4)) offers us
the possibility to choose between alternative models.

STEADY STATE FLUORESCENCE SPECTRUM AND QUANTUM YIELDS

When we have estimated the rate constants we can predict the shape of the
steady state fluorescence spectrum .. which results from a constant input. We

will use the subscript e to indicate steady state conditions. Since X =0and i(t)
: I gl . dt
is now a constant we find ¢; ., = k7. Thus:

v = 3w W= 5 kT EI Eq. 25
i=1 i=1

Analogous to Eq. 24 this Eq. 25 is independent of compartmental model. E.g.
with ModelIT we find (Eq.20) ¢ .. = ¢!l k3" = ki'k3'. We willfirstconsider a two-
compartment Model 11, and omit superscript /I. The real concentration &,
(where the ~indicates “real”) is proportional to x, (defined in Eq. 17), which is
equal to the product of k, and @,,, the fractional yield of component 2 from
component 1.
We thus find

o €3

NS

° /ﬂ@]z = kz-]/ﬁ@]z Eq 26

et

oo 1,00

The total fluorescence quantum yield @, is given by

&) D+ Dy G D 200

D, =—=@, |1+ [T+ — Eq. 27

tot ~ ~ 1 ~ ~ q
CletCre &P, €l

where @, = k;;/k; is the quantum yield of fluorescence of component /. Now
&..®; is proportional to the contribution of component i to the steady state
fluorescence spectrum integrated over the entire width of the emission band
(Cantor and Schimmel 1980):

0@ =g 'y, dA=g7'¢, fEdA = g7, JEdA Eq. 28
where g is the fraction of radiation actually collected by the detector. Thus we
find

6D auJedh ] E,dA
&Py ¢ JEAL  kofEdA

Eq. 29
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In conclusion: measurement of the total fluorescence quantum yield @,,, al-
lows us to calculate the quantum yields &, through combination of Eq. 26, Eq.
27 and Eq. 29, provided we know &,,. Analysis of a three-compartment Model
I is a little more difficult, since we also need to know &, ./¢, .. in the extended
version of Eq. 27.

RESULTS

We will compare nonlinear least squares (NLLS) and multiresponse (MR) fits
of different compartmental models. For illustrative purposes we first describe
the time-resolved spectrum of system 2 which is shown in fig. 1. From the Singu-
lar Value Decomposition of ¥ (system 2) depicted in fig. 2 we conclude that two
singular values are significantly different from the noise singular values (squares
in fig. 2¢). The corresponding first two singular vector pairs (fig. 2a,b) are practi-
cally noise free. Thus we conclude that we are dealing with a two-component
system. The shape of the input () was determined from the scattered excitation
light at 308 nm. The parameters 2 and 7 thus obtained were fixed in the ensueing
analysis, From the NLLS fit rate constants corresponding to a fast (F) decay and
to a slow (S) decay are found. We applied Model I (abbreviated F|S) and the two
permutations of Model II (F—.S and S—F). Fig. 3a,b depict the estimated spec-
tra £/(4) and &*>5(1). We conclude from the partial negativity of £/(1) (squares
in fig. 3a) that Model I results in a spectrum which violates the physical con-
straints, whereas Model II(F—S) results in nonnegative fluorescence emission
spectra (fig. 3b). Model 1I(S—F) also resulted in a partly negative spectrum of
the fast decaying component &5**>*(2) (not shown). Thus we reject Model I and
Model II(S—F) and retain Model II(F—S). The residuals of the NLLS fit in fig.

Fig. 1. Time resolved spectrum ¥ of system 2 in n-hexane.

52



3 of

[l L 1
0 a5
al tins)
= D'E
T & T 2l ]
345 420 495 570
bl Alrm)
[phee
(n_J
™
e
.
m-—
o T 1
0 5 10
cl L

Fig. 2. Singular value decomposition of ¥ (system 2). (a) First (squares) and second (circles) left
singular vectors. (b) First (squares) and second (circles) right singular vectors. (¢) Singular values one
to ten on a logarithmic scale.

4 show inconstant variance. In particular a wavelength dependence appears,
which resembles the spectra. This indicates that the model for the concentrations
is still inadequate, e.g. because of jitter which causes concentration fluctuations.
In particular near the maximum of the laser pulse small shot-to-shot variations
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Fig. 3. Results of NLLS fit of ¥ (system 2) using Model I and Model HI(F—S) with component one
(sguares) and two (circles). (a) Spectra £/(1) and £A). At each wavelength a vertical bar is drawn
from & - &,, 10 & + G, thus the thickness of the lines represents the uncertainty in &, (b) Spectra
£“"5(2) and &8"7*5(4). The dolted lines represent fitted curves described in the text.

of the pulse power and of the time delay between laser pulse and gate pulse (time
Jitter) cause relatively large deviations of the intensities from those described by
the kinetic model. At longer times, the intensities change less rapidly, and errors
caused by jitter are smaller. Experience shows that the shot-to-shot intensity
variations of the excimer laser are well within 10% and that under normal condi-
tions the time jitter is less than 2 ns. In any case, the accuracy of the experiment
should benefit from a fairly large number of laser shots used (typically several
hundreds), provided there is no drift of laser intensity or timing, a condition
normally satisfied by the equipment.

We also performed a MR fit using the data projected upon the first two right
singular vectors.

54



600
w0 400 50 Doy
g 1
200
200
O-
N S
200
200
~400
400
1
%
0oy so0 60
0 400
) 300
) ()

Fig. 4. Residuals of NLLS fit of ¥ (system 2) using Model T or Model 1I with two components.

The residuals from this fit were acceptable and the ¢/*5(1) and &/*">%( 1) are
shown in fig. 5. The resemblance between fig. 3b and fig. 5b indicates that the
spectra are described very well by their projection upon the first two right singu-
lar vectors. Table 1 contains the estimates of the kinetic parameters from the
NLLS and MR fit. We note a difference of 15% in k, and of 6% in k,. From fig.
5 we predict that at wavelengths greater than 500 nm and times greater than 60
ns only one component contributes. The analysis of this restricted data set result-
ed in a value for k, close to the value estimated from the full data set using the
NLLS analysis. Since only one response is fitted, NLLS and MR fit produce
exactly the same estimate (column four and five of table 1).

The analysis of system 1 went analogously. Again Model II(F—S) was chosen
because Model I produced a partly negative spectrum &/(4). The residuals of the
NLLS fit were wavelength dependent, whereas the MR fit was satisfactory. The
FS(1) and g/772S(A) are depicted in fig. 6. The decays of system 1 (Fig. 6a) are
faster than those of system 2 (fig. 5a). The spectra of system 1 (fig. 6b) are
blue-shifted relative to the spectra of system 2 (fig. 5b).

The shape of a charge transfer fluorescence emission spectrum is often well
described by a Gaussian in the energy domain (Marcus 1989):

SPVP® = fronexp(—In2[2(V = V,,,, )/ 4V]") where V = A7! denotes the wavenumber
and f(V) is the converted fluorescence emission spectrum: f{V) = A1) (La-
kowicz 1983). Even better fits are achieved when an extra skewness parameter is
introduced (Fraser and Suzuki 1969; Sevilla et al. 1989). Thus we arrive at the
model function

&) = Vfexp(=In2[In (1 + 25(V = Vu)AV)IB]D) Eq. 30
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Fig. 5. Results of MR fit of ¥ (system 2) using Model II(F—S) with component one (squares) and
two (circles). Since the product cg” is estimated, we calculate the extremum of this product per
component, and scale according to the maximum of the extrema of all components. Here we have
max (¢,&]) = (0.6)’max (¢,£7). The curves are thus scaled according to their contribution to ¥. (a)
Concentrations ¢{/(1) and c{s). (b) Spectra £/(A) and /(). At the maxima a vertical line is drawn
which indicates the estimated standard error in &, The dotted lines represent fitted curves described
in the text,

Table 1. Estimates of kinetic model parameters of system 2 in n-hexane. Column two, three: results
from NLLS and MR fit using the full data set. In columns four and five the restricted data set was
used. The MR fits in columns three and five result from the analysis of the data projected upon the
first two, respectively first, right singular vectors.

345-570 nm, 500-570 nm,
© 95ns 65-95 ns
parameter NLLS MR NLLS MR
k, 0.096 0.113
ks 0.032 0.030 0.032 0.032
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Fig. 6. Results of MR fit of ¥ (system 1) in n-hexane using Model [I{F—=S). Layout as in fig. 5.

Note that with skewness parameter b = () the exponent in Eq. 30 reduces to a
Gaussian. The maximum of Eq. 30 in the wavelength domain is given by the

numerical solution of the nonlinear equation ;d~ e (v)=0.
12

The results of this fit are represented by the dotted lines in fig. 5b and fig. 6b.
This simple model function fits the spectra remarkably well.

The time-resolved spectrum of system 3 is shown in fig. 7. From the Singular
Value Decomposition of ¥ (system 3) depicted in fig. 8 we conclude that three
singular values are significantly different from the noise singular values (squares
in fig. 8c). The corresponding first three singular vector pairs (fig. 8a,b) are
practically noise free, except perhaps for the third right singular vector (triangles
in fig. 8b). Thus we conclude that we are dealing with a three-component system.

In this experiment the scattered laser light at 308 nm was removed using a
cut-off filter. This enabled us to monitor the fluorescence of system 3 at wave-
lengths longer than 600 nm without disturbance from the excitation light tran-
smitted in second order at 616 nm. The small price we pay for this is the estima-
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Fig. 7. Time resolved spectrum ¥ of system 3 in t-decalin.

tion of the i(f) parameters (u and 7, see Eq. 16) simultaneously with the kinetic
parameters.

The NLLS fit resulted in three distinct rate constants, see column two of table
2, which we abbreviate medium (M), slow (S) and fast (F). We applied all sixteen
different combinations of models and rate constants: Model I (abbreviated
FIM|S), Model Il (M—S|F,S— M|F, F—~M|S, M—F|S, F—=S|M, S—F|M), Model
Ol (M&F—S, FM—-S, Fe-S—M) and Model IV (FsM—S, F—»S—M,
M—F—>S, M—8—F, SSF- M, S—M—F), Fig. 9a,b show the spectra £/(A) and
g"M>9(2) estimated from the NLLS fit. We note that with Model I the spectrum
&} () (squares in fig, 9a) contains a small negative part around 580 nm, whereas
Model II (M—S|F) results in a nonnegative fluorescence emission spectrum
"M% (2) (squares in fig. 9b). From the other fourteen combinations the results of
Model IV (F—M-S) resemble Model 11 (M—S|F), whereas Model II (F— M]S,
F—§|M) and Model III (M«-F—S) resemble Model I. All other combinations,
which contain reactions where a slower decaying component reacts to a faster
decaying component, produced one or more clearly unphysical spectra with
large negative parts and therefore these ten models could be rejected.

The residuals of the NLLS fit which are shown in Fig. 10 are again wavelength
dependent. We performed a MR fit using the data projected upon the first three
right singular vectors. The residuals from this fit were acceptable and the ¢(¢)
and &/(4) are depicted in fig. 11. Note that the small negativity of (1) around
580 nm is no longer present (compare the squares in fig. 9a and fig, 11b). The
kinetic parameters estimated in the NLLS and MR fit are summarized in table
2. Comparing columns two and three we note an appreciable difference in k,, the
slowest decay rate constant.
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Fig. 8. Singular value decomposition of ¥ (system 3). Layout as in Fig. 2, triangles indicate third
singular vectors.

From the estimated spectra in fig. 11b we predict that at wavelengths greater
than 500 nm only two components contribute. This was confirmed by the SVD
analysis (not shown). The kinetic parameters from the NLLS and MR fit estima-
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Table 2. Estimates of kinetic model parameters of system 3 in t-decalin. Column two, three: results
from NLLS and MR fit using the full data set. In columns four and five the restricted data set was
used. The MR fits in columns three and five result from the analysis of the data projected upon the
first three, respectively two, right singular vectors.

320-680 nm 500680 nm

parameter NLLS MR NLLS MR
k, 0.1510 0.149 0.140 0.15
k, 0.0438 0.035 0.0363 0.034
k 1.150 1.10
y7 15.19 15.08 15.14 15.4
T 4.416 4.37 435 4.5
¢ 17.6 7.9

w

o

wp? - l
320 440 560 680
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Fig. 9. Results of NLLS fit of ¥ (system 3) using (a) Model I and (b) Model II(M—S|F) with
component one (squares), two (circles) and three (triangles). Layout as in fig. 3.



50

~0

Fig. 10. Residuals of NLLS fit of ¥ (system 3).

ted from the restricted data are gathered in columns four and five of table 2. We
note that k, obtained from these fits was about the same as the k, obtained from
the MR fit using the full data set. We conclude that the parameters of column
three of table 2 and of fig. 11b describe the complete data set satisfactorily.
Again the spectra £/(1) estimated from the MR fit could be well fitted with the
spectral model function of Eq. 30, viz. the dotted lines in fig. 1 1b. The g,/(A) of the
five alternative models which produced nonnegative spectra (Model I1 (F—M|S,
FS|M, M—S|F), Model 111 (M«F—S), Model IV (F->M—S5) could also be
well fitted. The discrepancy between the F spectrum and its fit around 450 nm
(triangles in fig. 11b) was smaller in models involving a reaction F— M.

Table 3. Final estimates of kinetic and spectral model parameters (from multiresponse parameter
estimation). Spectra were fitted according to Eq. 30. Wavenumbers ¥ in 10* e ™' *: fit restricted to
wavelengths greater than 480 nm.

model k10°s™ Vionas 4v b Amax T
system 1 0.17 +0.03 26.24 4.40 -0.297 373
F5S8 0.08 +0.01 22.67 491 ~0.015 425
system 2 0.11 +0.03 25.24 397 -0.152 388
F-§ 0.032 £ 0.003 21.34 4.09 -0.119 455
system 3 1.0 +0.8 25.88 3.84 -0.147 379
M- S| F 0.14 +0.02 22,12 4.32 —-0.185 439
0.032 + 0.003 17.79% 4.54* 0.00* 533%*
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Fig. 11. Results of MR fit of ¥ (system 3) using Model I. Layout as in Fig. 5. With the smallest
spectrum (circles in (b}) the fit (dotted line) was restricted to wavelengths greater than 480 nm.

The experiments were repeated at Jeast three times and the results proved
reproducable. The final estimates of the rate constants and of the fits of the
spectral parameters are gathered in table 3. The shape of the steady state fluores-
cence spectrum observed with the spectrometer agreed well with the prediction
according to Eq. 25. Therefore we refrained from a correction for the spectral
response of the OMA system. Combination of the results of table 3 with the
measurement of the total fluorescence quantum yield @, results in the quantum
yields and radiative rate constants gathered in table 4. We thereby assumed
Model II(M—S|F) for system 3 and a quantum yield for formation of compo-
nent 2 @, = 0.89 which was calculated in (Brouwer et al. 1991b). Furthermore
we assumed ¢ /¢, .. = 0.1, i.e. the fast decaying component is formed less than
the medium decaying component. With system 1 and system 2 it is assumed that
D, = 0.98, extrapolating from the quantum yield of 3 in n-hexane calculated in
(Brouwer et al. 1991b).
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DISCUSSION

A common finding from the analysis of the behavior of system 1 and system
2 is that a species emitting at a shorter wavelength is converted on a timescale of
about 10 ns to a second species emitting at a longer wavelength. An independent
model described system 3 adequately, although more complex models with a
conversion could not be excluded. Additional results from single-wavelength
time-resolved fluorescence measurements with a better time resolution indicate
that the correct model to describe system 3 should involve a step M—.S, which
leaves only two models: M—S|F and F—»M—S. Distinction between these two
will require experiments with a better time resolution in view of the very short
decay time of the F-component.

For the case of system 3 we have previously ascribed the emission bands
centered at 439 and 522 nm to two different conformations of charge-transfer
excited states (Brouwer et al. 1991a,b), in analogy with results from other studies
on semi-flexible compounds (Gust et al. 1991). The two emission bands of sys-
tem 1 and system 2 can likewise be ascribed to fluorescence from charge-transfer
excited states (fig. 12). In both cases the fluorescence of the locally excited donor
or acceptor chromophore is expected to occur at significantly shorter wave-
lengths (cf. 334 nm for 1-cyano-4-methylnaphthalene; 333 nm for 1-phenylpipe-
ridine (Krijnen 1990)). The absence of such emission bands indicates that elec-
tron transfer occurs quantitatively in these compounds. In system 3 some local
emission is observed at 377 nm.

The wavenumbers of the short-wavelength emission maxima of 1 and 2 fit well
in a solvatochromic shift analysis including the maxima in more polar solvents,
from which dipole moments are derived of about 29 D for both 1 and 2 (Scherer
et al. to be published). These dipole moments correspond to charge separation in
an extended conformation like that of the ground state. Again in line with our
earlier work we ascribe the long-wavelength bands of 1 and 2 to “‘folded’ exci-
plex-type conformations, the driving force for the interconversion being the elec-

D 1 A% ‘ kelectron transfer

+ -
\_D____A kfolding

)
DT A

hvexc (hV) hvct 1 hVct 2

D-A Y

Fig. 12. Proposed common reaction scheme for the systems studied. With system T and system 2
fluorescence of a locally excited D — '4* state is absent (indicated by the parentheses), whereas with
system 3 it corresponds to the F-component /v, | and /iv,, » correspond to fluorescence of the extend-
ed and folded conformation respectively.

63



trostatic attraction between the charged D* and A~ groups. The difference in the
band positions, 3.6 x 10*> em™ for system 1, 3.9 x 10° ecm™! for system 2 (see
column three of table 3), corresponds roughly to the electrostatic energy gain
minus the loss of solvation energy. The net energy gain of some 8 kcal/mole in
n-hexane is probably big enough to compensate for the increased steric energy in
the folded conformation. In going to a slightly more polar solvent this energy
gain rapidly falls off, which explains why this type of dual emission is only
observed in saturated hydrocarbon solvents.

Comparing the positions of the two CT-bands of system 1 and system 2 we
note that the bridgehead cyano group in 2 exerts a stabilizing effect on the
CT-states of as much as 1000-1500 cm™ (column three of table 3). Interestingly,
AM1/UHF? (Dewar et al. 1985) calculations predict a stabilization of the 1-
cyano-4-cyclohexylnaphthalene radical anion by the additional cyano group,
and show that this occurs without significant charge transfer, so that the effect
may be ascribed to a charge-dipole interaction. In order to obtain a reasonable
molecular model for the charge-transfer states of compound 1 we computed the
structure and charges of the anilinium radical cation and the cyanonaphthalene
radical anion fragments using AM1/UHF. The fragments were linked by a brid-
ge described by the Tripos molecular mechanics force field (Sybyl version 5.32,
Tripos Associates, St. Louis, Missouri, USA), and subsequently kept fixed in
energy minimizations (including electrostatics with a dielectric constant of 2)
starting from different bridge conformations. The resulting structures of the
extended and folded CT-states are shown in fig. 13. In the folded species, in
which the piperidine ring adopts a boat-like conformation, an almost ideal exci-
plex-like parallel orientation of the aromatic rings is possible, with an inter-ring
distance of about 3 A.

The radiative rate constants of the extended and folded CT-species reveal
differences. In system 1 and system 2 the rate constants of the exciplex fluores-
cence are approximately equal to the &; of the through-bond mediated emission
in the extended conformation (colurnn" five of table 4). Assuming Model II
(M—S|F) in system 3 the extended CT-emission is clearly more effective than the
exciplex-type fluorescence. Probably k; , is small in system 3 because the interac-
tion between the aromatic moieties in the folded conformer is not very favorable
in spite of their close proximity (cf. fig. 4 in Brouwer et al. 1991b).

For system 1 and system 2 the analysis demonstrates unequivocally that inter-
conversion occurs of the species emitting at short wavelength to the one emitting
at longer wavelength.

The rate of this process can only be determined when the contributions to the
overall rate constant of excited state decay and the conformational process can
be separated. Variable temperature measurements and time-resolved microwave
conductivity experiments are in progress to elucidate this point and determine
@,,. Furthermore, the effects of vicosity and of the dielectric constant of the
alkane solvent are under investigation.

2 MOPAC 5.0 was used: J.J.P. Stewart, QCPE program 4535.
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Fig. 13. Molecular models of extended and folded CT-states of compound 1 derived using molecular
mechanics with AM1/UHF atomic charges. Further explanation in text.

Table 4. Quantum yields of fluorescence and estimated fluorescence rate constants. With system 1
and system 2 it is assumed that @, = 0.98. With system 3 @,, = 0.89 (6) and it is assumed that
& .16,.=0.1.

model Dy, k10%s™ e k10857
system 1 0.07 0.17 £0.03 0.07 12
F-S8 0.08 +0.01 0,07 6
system 2 0.18 0.11 +£0.03 0.07 8
F-S 0.032 £0.003 0.21 6
system 3 0.01 0,14 £0.02 0.02 3
M-S|F 0.032 £ 0.003 0.003 0.1
1.0 +0.8 0.1 1x10?
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The fits of the spectral parameters using the model function of Eq. 30 were
satisfactory (fig. 5b, fig. 6b, fig. 11b). The spectrum &i(4) (circles in fig. 11b)
contains some humps at wavelengths smaller than 480 nm. These humps coinci-
de with the peaks of the spectra of the other two components, and are ascribed
to corruption with the other spectra.

The widths of the spectra were all between 4 x 10° and 5 x 10°> cm™ (see col-
umn four of table 3). This agrees well with the widths of charge recombination
spectra in table II of Marcus (1989).

We found that the Singular Value Decomposition performs very well, allo-
wing a multiresponse fit with data projected upon the first n.,,, right singular
vectors,

Determination of the number of components appeared to be no problem. The
results of the NLLS fits often were unsatisfactory (fig. 4, fig. 10), especially
because of the large and structured residuals. The residuals resembled the spec-
tral shapes and are caused by concentration fluctuations. These are most likely
due to the jitter in the experimental set-up. We performed simulations using the
estimated parameters of system 3 and a normally distributed time jitter with
o = 0.5 ns. The residuals from an NLLS fit of these simulated data were compa-
rable to fig, 10.

We found that the MR fit (with data projected upon the first n,,, right singu-
lar vectors) often enabled to correct for the structured residuals. When the struc-
tured residuals are present during an appreciable fraction of the time, the as-
sumption of a spectral covariance matrix makes sense. In this way an appropri-
ate weighting is applied to the residuals, which prevents the large residuals dom-
ination which is present in the NLLS fit.

In the NLLS fit the slowest decaying component of system 3, with the smallest
contribution to ¥, was estimated wrongly, which was clearly demonstrated (col-
umn two versus columns 3-5 of table 2). Using the full data set the MR fit
estimated the kinetics of this small component correctly, whereas the NLLS fit
resulted in a k,-value which was 25% too large. With system 2, columns 2-4 of
table 1 are about the same.

Rejection of models is possible only on the basis of their estimated spectra.
This stresses the paramount importance of gathering spectral information (e.g.
by means of a multichannel spectral analyser) when studying a kinetic system.
Assuming the model is right, the complete spectra of the components can be
estimated with a reasonably small error, as indicated by the small vertical error
bars in the plots of the spectral parameters.

Model 1, which featured independently decaying components, could be rejec-
ted with system 2 and with system 1. Only Model II(F—S) resulted in nonnegati-
ve fluorescence emission spectra. With system 3 out of sixteen different combina-
tions of rate constants and models only six resulted in nonnegative spectra. More
information regarding the spectra and experiments with a better time resolution
are necessary to distinguish between these six models. In particular, incorpora-
tion of a priori spectral information can lead to constrained NLLS or MR model
fitting. Further developments of the tools presented here will include optimiza-
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tion of the experimental procedure using the OMA, and application of the meth-
od of analysis to other types of time-resolved data (e.g. transient absorption).
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